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ABSTRACT
Research on indoor environments has received more attention recently because reports of
symptoms and other health complaints related to indoor environments have been
increasing. Heating, ventilating, and air-conditioning (HVAC) systems are used to
control the indoor environment. Therefore, it is necessary to provide a good ventilation
system that can provide good indoor environment.
To improve indoor air quality, displacement ventilation systems can work well. The
system provides fresh air directly to the occupied zone. However, the existing floor-
supply displacement ventilation systems have some problems. Hence, the objective of
this research was to improve the disadvantages of the current system, and to develop a
new design for the floor-supply displacement ventilation system with floor diffusers.
The research used numerical simulations through computational-fluid-dynamics (CFD).
The experiment was carried out in a full-scale environmental chamber to obtain a reliable
data on the floor-supply ventilation system. With the detailed data, the CFD program
used in this research was validated. By using the validated program, we conducted
numerical simulations of several different cases of the floor-supply system to evaluate the
design and the performance of the system.
The impacts of several parameters, such as the air change rate, number of diffusers,
furniture arrangement, and cooling loads, on the indoor environment were investigated
based on the thermal comfort level and indoor air quality. From the results, the
parameters were ranked in the order of their impact. This result can be used for more
specific case studies of each building design.
Thesis Supervisor: Qingyan Chen
Title: Associate Professor of Building Technology
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1. Introduction
1.1 Statement of the Problem
Research on indoor environments has received more attention recently because reports of
symptoms and other health complaints related to indoor environments have been
increasing. In some cases, recognized infectious diseases, such as Legionnaire's disease,
have been diagnosed and attributed to the improper design, operation, or maintenance of
buildings. However, the majority of health problems reported in buildings, which are
nonspecific complaints sometimes called the "sick building syndrome," cannot be
attributed to specific exposures. Available evidence suggests that multiple factors,
including indoor air quality, are involved.
In the U.S., about 800,000 to 1,200,000 commercial buildings with 30 to 70 million
workers have problems related to indoor environments (Woods 1989). Employers
reported 515,000 cases of occupational illness in 1994. Dissatisfaction with the working
environment could result in reduced productivity and economic loss. Results from a
survey of 94 state government office buildings conducted in the New England area
showed an average productivity loss of 3% due to poor indoor air quality (Axelrad 1989).
Haymore and Odom (1993) estimated that the overall economic impact of poor indoor air
quality in the U.S. alone is about $40 billion per year.
Heating, ventilating, and air-conditioning (HVAC) systems are used to control the indoor
environment. Inadequate ventilation of indoor workspaces is the main factor typically
associated with building-related illnesses and occupants' ill-health symptoms and
complaints. Therefore, it is necessary to provide a good ventilation system that can
provide good indoor environment.
1.2 Displacement Ventilation
Most of the HVAC systems used in U.S. buildings are so-called mixing systems. The
design assumes that fresh air delivered by the HVAC systems will completely mix with
the indoor pollutants to reduce the concentration level of the pollutants to an acceptable
level. In fact, complete mixing is difficult to achieve. The concentration level in some
parts of an indoor space often exceeds the permitted level. In addition, complete mixing
could enhance cross-infection between occupants.
To improve indoor air quality, displacement ventilation can work well. The system
provides fresh air directly to the occupied zone. The most common system is a horizontal
discharge system from a low side-wall position. (Figure 1.2.1) The airflow in the
occupied zone should be one-dimensional upwards because of the free convection current
from heat sources, such as occupants and computers. However, the airflow from the
displacement ventilation system is not one-dimensional in the occupied zone; there are
slow recirculations in the lower part of the room. These recirculations can cause cross-
infection between occupants.
Exhaust air
Supply air
Figure 1.2.1 Conventional Side-wall Displacement Ventilation System
The floor-supply displacement ventilation system (Figure 1.2.2), which uses a perforated
floor, could solve the recirculaion problem. However, this system has another problem; it
cannot remove high cooling loads. If the supply air increases, the velocity of the supply
air would be higher, and there would be a risk of cold drafts.
Exhaust air
air
Figure 1.2.2 Floor-Supply Displacement Ventilation System with perforated floors
In addition, there is another type of floor-supply system (Figure 1.2.3), which uses small
supply air diffusers on the floor. This system is adapted well to remove a high cooling
load. However, because of the higher supply air velocity there is a risk of discomfort for
the occupants near the diffusers.
Exhaust air
t t t t t
Upper
zone
Floor
Occupied Diffuser
zone
Supply air
Figure 1.2.3 Floor-Supply Displacement Ventilation System with floor diffusers
1.3 Research Objectives and Procedures
Although the floor-supply displacement ventilation system still has some problems, the
system is superior to the side-wall displacement system because it can be directly used
for heating. Hence, the objective of this research was to improve the disadvantages of the
current system, and to develop a new design for the floor-supply displacement ventilation
system with floor diffusers. The new system could remove high cooling loads without
risks of cross infection and cold drafts. More specifically, this research aimed to:
* improve the design of the floor-supply displacement ventilation system for
higher cooling loads while the system still provides an acceptable comfort level
and was energy efficient.
" optimize the ventilation system to minimize the risk of cross infection with suitable
floor diffusers and locations of air supply and exhaust.
The research assessed the indoor air quality and the thermal comfort of the floor-supply
displacement ventilation system. The parameters studied in this research included the
ventilation rate, supply air temperature, diffuser location, exhaust location, occupant
location, and furniture arrangement including partitions. The research used numerical
simulations through computational-fluid-dynamics (CFD). Detailed experimental data
were obtained in a full-scale environmental chamber, and the data were used to validate
the CFD results.
Chapter 2 presents a literature review on the floor-supply system with floor diffusers.
Chapter 3 describes the experimental study in a full-scale environmental chamber with
the floor-supply ventilation system.
Chapter 4 describes the validation of the CFD program used in this study. The detailed
data obtained in Chapter 3 are used for validation.
Chapter 5 presents the evaluation of the performance of the floor-supply displacement
system. The performance of the HVAC system is evaluated based on thermal comfort
and indoor air quality.
Finally, Chapter 6 summarizes the conclusions of this study.
2. Literature Review
Floor-supply air-conditioning systems have been widely used and studied not only in the
U.S. but also several countries in the world. To improve the system and develop a better
design of the system in order to obtain better indoor environment, it is necessary to know
the advantages and disadvantages which the existing floor-supply systems have.
Therefore, in this chapter the studies concerning under-floor air-conditioning systems are
reviewed to identify the existing results and problems. The results include the
temperature distribution, the airflow distribution, floor diffusers, indoor air quality, and
energy conservation.
2.1 Temperature Distribution
Since under-floor air-conditioning systems supply conditioned air directly to the occupied
zone through diffusers, potential draft exists in the floor level. In addition, the large
temperature stratification that exists in the room may also cause discomfort for occupants.
Therefore, designers need information on the air temperature distribution with under-
floor air-conditioning systems and many studies were conducted for temperature
distribution.
Vertical temperature distribution
Although some studies were conducted about the heating (Ito and Nakahara (1991),
Miyai (1991), Tanigawa (1993)), generally there is less discomfort in heating than in
cooling with under-floor air-conditioning systems. Therefore most studies were
conducted about the temperature distribution in cooling. (Sodec (1990), Liu and Hiraoka
(1997), Fujimoto (1993), Mizuno (1993))
A conventional ceiling-based air-conditioning system supplies the conditioned air from
above and the supply air and room air is mixed rapidly, so that relatively uniform
temperature distribution is obtained.
On the other hand, under-floor air-conditioning systems, which supply air from the floor,
generally have stratification in the room, as the air is warmed by the heat sources in the
room, although in some cases floor diffusers promote mixing with around air and
minimize stratification in the occupied zone.
Figure 2.1.1 shows the vertical temperature distribution for cooling obtained from several
different investigations in both experimental chamber and existing buildings. Sodec
(1990) reported that a characteristic feature of the under-floor air supply system was the
vertical S-shaped temperature pattern.(Case- 1) Although the shapes of the temperature
distribution are similar, the air temperature gradient is not the same for different
investigations. The differences among the profiles in Figure 2.1.1 could be due to
different thermal and flow conditions, such as:
" measuring point position (horizontal temperature distribution)
* cooling load
* ventilation rate
" diffuser shape
Impact of these parameters on the temperature distribution will be examined respectively
in this chapter.
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Figure 2.1.1 Vertical temperature profiles with under-floor air-conditioning
Impact of measuring point position (horizontal temperature distribution)
Because of using diffusers for air inlets, the horizontal temperature distribution is not
uniform, especially near the floor and near the diffusers. Therefore, vertical temperature
distributions are different according to the distance from the diffuser.
McCarry (1995) and Liu and Hiraoka (1997) measured the vertical temperature
distribution at three different distance points from the diffuser. The results are shown in
Figure 2.1.2. "d" means horizontal distance between the diffuser and the measuring
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point. The characteristic feature of the results is almost same in these results. The further
the point, the smaller is the difference in temperature among the occupied zone.
According to the ASHRAE standard, the temperature difference in the occupied zone
should be less than 3 *C. From these results, in the area near diffusers there is larger
temperature gradient than 3 *C, which may cause thermal discomfort for occupants.
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Figure 2.1.2 Vertical temperature profiles
Impact of ventilation rate
Liu and Hiraoka (1997) studied the impact of the ventilation rate on the vertical
temperature distribution. They measured the vertical temperature distribution at four
some different ventilation rates. Results are shown in Figure 2.1.3.
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Figure 2.1.3 Vertical temperature profiles
The larger air change rate has more uniform vertical temperature distribution in occupied
zone. In other word, the larger the air change rate, the higher is the height of the uniform
temperature region.
Impact of cooling load
Liu and Hiraoka (1997) studied the impact of cooling load on the vertical temperature
distribution. They measured the vertical temperature distribution at three different cooling
loads. Results are shown in Figure 2.1.4. The air change rate is 7times /hour.
The effect of higher heat load is clearly visible as in the case of the highest cooling load
(70W/m2) the difference in temperature between top and bottom of the occupied zone is
largest and the room temperature is also highest. It is obvious from the results that the
higher the cooling load, the larger is the vertical temperature difference, and the higher is
the room air temperature.
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Figure 2.1.4 vertical temperature profiles
Impact of the diffuser shape
Liu and Hiraoka (1997) measured the vertical temperature distribution with two different
kinds of diffusers. Results are shown in Figure 2.1.5. The cooling load is 52W/m2 and the
air change rate is 7 times /hour. One diffuser has the vane which is at the angle of the 18-
degree to the plumb line, and the other has the vane which is at the angle of 30 degree.
When the supply air volume is same the former has longer throw distance than the latter.
Therefore the vertical temperature difference is smaller with the diffuser of 18 degree in
the results. However, the temperatures near the ceiling are different from each other.
Those temperatures should be same because the experimental conditions are same in both
cases, and there are no explanations about this difference in the paper.
---- 18degree
- - -30degree
23 24 25 26 27
Temperature (C)
Figure 2.1.5 Vertical temperature profiles
Temperature Effectiveness
Matsunawa (1995) carried out the numerical simulation studies using CFD to determine
whether under-floor air conditioning system provides the displacement ventilation effect,
which can remove the heat exhaust around office devices effectively. Calculated vertical
temperature distribution was shown in Figure 2.1.6. Temperature effectiveness (TE) is
introduced to evaluate the exhaust heat performance.
TE = (Te-Ts) / (To-Ts) TE: temperature effectiveness
Te: temperature of return air
To: mean temperature of occupied zone
Ts: temperature of supply air
In the simulation, return air temperature was calculated to be 27*C to 30 C. The mean
temperature for the occupied zone was calculated by averaging the temperature at the
points of 0.1m to 1.6m. TE was calculated to reach at 1.79 at steady state, compared to
unity for a perfect mixing system. These findings suggest that the under-floor system
performs well in removing exhaust heat.
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Figure 2.1.6 Vertical temperature distribution predicted by CFD simulation
Thermal Comfort and Furniture Arrangement
Because of the location of the heat sources in the room and furniture location, generally
environment of the room is not uniform. In addition, location of the floor diffusers also
affects the environment. Because of these non-uniform environments, thermal comfort
under non-uniform air-velocity and temperature conditions should be considered.
Tanabe (1994) proposed a method for measuring non-uniform thermal environments
using a new thermal manikin with controlled skin surface temperature. An equivalent
temperature based on the thermal manikin (TEQ) was proposed and applied for the under-
floor air distribution system. Equivalent temperature based on the thermal manikin was
considered to be a useful tool with which t detect the effects of asymmetries in heat
sources and airflow.
The manikin was tested in a mockup of an office with a floor-supply air-conditioning
system. (Figure 2.1.9) The manikin was seated at the desk in WS#3. The test conditions
are shown in Table 2.1.1.
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Table 2.1.1 Experimental conditions
Supply Supply Oirection ofTest Number Volume Heat Load* Temp. Posture
_____ 
(CFtM) Outtlet'
01507rr 150 'mid 17
0210117/7 210 max 17
0210/20/T 210 mid 20 Toward Sitting
02701181T 270 max 18
0270121/T 270 mid 21
150/17/ 150 mid 17
021017/1 210 max 17
10210/20/l 210 mid 20 Inward Sitting
102701811 270 max 18
0270/21/I 270 mic 21
Heat Load: 'mid means medium heat load including a computer and task lighting.
'max means maximum heat load including a computer ard a task lighting in
addition to a 200W heater.
Direction of Outlet: towar means 4 outlets are aimed toward the thermal maralun
and 'nwarTd means those are aimed inward,
Figure 2.1.10 shows the effects of supply volume and heat load level on the TEQ. The
TEQ of the right hand, arm, and thigh were much higher than those of the left parts
because of the heat source asymmetry. The TEQ at the foot and the leg were considerably
lower in Q150/17/I, and a great vertical temperature difference was observed. The
difference between the TEQ at the foot and the leg and that at the head was 3.0*C, which
could be expected to cause local discomfort.
30T
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22
20
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Figure 2. 1. 10 Thermal-manikin-based equivalent temperature
The results present that the furniture configuration affects the room environment, such as
asymmetry due to the location of the diffusers, desks and occupants.
Conclusions
The vertical temperature distribution is one of the most important parameters to evaluate
the under-floor system.
In under-floor air-conditioning systems there is a lower temperature region near the floor.
Although much emphasis is put on the temperature distribution in the occupied zone, few
studies were conducted about the temperature near the floor and the risk of cold draft.
Since the system use the space under the floor as a supply air plenum, floor insulation
should be considered to avoid the lower temperature region near the floor.
In the occupied zone the vertical temperature distribution is generally close to the
uniform because of the effect of mixing ventilation by supply air from floor diffusers,
although the gradient depends on the cooling loads in the room. Therefore mixing
ventilation can be used to obtain uniform temperature distribution, but careful attention
should be paid in order not to disturb the effect of displacement ventilation.
According to existing comfort standards (ASHRAE), a temperature difference exceeding
3 *C between ankle and head heights is considered to be uncomfortable. Stratification
above the occupied zone may be more acceptable. Above the occupied zone generally
there is a large temperature gradient due to the heat sources in the room, which suggests
the effectiveness of the displacement ventilation.
Equivalent temperature based on the thermal manikin was considered to be a useful tool
with which detects the effects of asymmetries in heat source and airflow. The results
present that the furniture configuration and the location of the floor diffusers affect the
room environment. In practical design the effect of the room configuration and the
location of the diffusers should be examined and considered carefully.
2.2 Airflow Distribution
To control and design airflow distribution properly is one of the important features in
floor-supply displacement ventilation. Proper design of airflow can reduce a risk of cold
draft. In addition, it will make it possible to provide enough supply air volume in order to
remove a high cooling load. One of the important elements to achieve a good airflow
distribution is airflow around floor diffusers.
Matsunawa (1995) measured the airflow distribution with two different types of diffusers.
One of the diffusers is for a low load and the other is for a high cooling load. The floor
diffusers provide swirl-type airflow and have the best angle of the guide vane for
optimizing the flow pattern.
Figure 2.2.1 and 2.2.2 show the measured airflow patterns around diffusers. The low-load
type revealed excess air flowing along the floor and toward the body. In the improved
type of floor diffuser, the vertical vector of the air velocity was intensified, thereby
significantly decreasing the amount of air crawling along the floor. In the case of 300m3/h
air volume per diffuser, the air velocity near the diffusers is higher than comfort standards
(0.25m/s) and there is a risk of discomfort for the occupants near the diffusers.
2.0 2.0
~ir velocity M
0 1.5. 0. 0 0.
-0 4 outlet
E00 0.25 10
0010 0. 0725
-0.5 0 0.5 ( -0.5 0 05
Air volume: 300 rr/h (30 d/rr h) Air volume: 100m/h 0 0in'/mr. h)
Supply air temperature: 21,0C Supply air temperature: 21.
Air temperature (occupied zone) : 26.0'C Air temperature (occupied zone) : 26.3 C
Low-toad type
Figure 2.2.1 Measured airflow patterns of the diffusers (Low-load type)
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Figure 2.2.2 Measured airflow patterns of the diffusers (Improved type)
Most of studies about airflow distribution put emphasis on the airflow around diffusers,
and there are few studies about the airflow distribution in the entire room. Figure 2.2.3
shows the one of the airflow distribution measured in the existing building. (Study group
of under-floor air-conditioning systems, 1993 "Planning and operation of under-floor air-
conditioning systems") The air velocity was measured at the 1.1 m high level from the
floor. The air velocity is lower than 0.15m/s in the most of the room and there seems to
be no risk of draft due to the air velocity.
Figure 2.2.3 Measured airflow distribution in the building
(1.1 m from the floor, unit is m/s)
M
Conclusions
This high air velocity region near the diffusers is common to almost all the cases with
under-floor air-conditioning systems and it is suggested that the diffusers should be
installed at an enough distance from occupants, although enough distance varies among
several studies.
Except for the area near the diffusers there seems to be no risk of draft due to the high air
velocity in under-floor air-conditioning systems.
Few studies were conducted about the airflow distribution in the entire room.
2.3 Floor Diffuser
Since diffuser shapes affect the temperature distribution largely, many researches
concerning about the diffuser shapes were conducted. Most of the researches studied both
temperature distribution and airflow around diffusers and investigated their relationships.
Impact of diffuser shapes on the temperature and airflow distribution is reviewed at this
chapter. The typical under-floor diffuser is shown in Figure 2.3.1.
AN4
Figure 2.3.1 Typical under-floor diffuser
The basic principle of the floor diffusers is to add a "twist" to the air to ensure successful
entrainment (1). This means that a higher air velocity can be accommodated without
producing draughts as their air velocity decreases quickly as distance from the terminal
increases. The outlet also incorporates a dirt collecting basket (2). The air enters from the
plenum (4), passes through the floor plate (3) and mixes with the secondary air (5) in the
conical mixing zone (6).
Sodec and Craig (1990) made investigation about airflow of two different types of
diffusers. One is free jet outlet and the other is twist outlet. The pictures of both outlets
were taken and jet characteristics were analyzed. Free jet outlets produce round, non-
twist-type air jets. (Figure 2.3.2) Figure 2.3.3 and 2.3.4 show the jet characteristics of the
diffusers. Twist outlets produce the air jets that are emitted with a swirl effect. Because of
the higher degree of turbulence, a more intensive inductive effect of the indoor air is
brought about and the supplied air is better distributed into the occupied zone.
twist outtets
free 'jet outlet
Figure 2.3.2 Floor diffusers
Figure 2.3.3 Jet characteristics at the Figure 2.3.4 Jet characteristics at the
twist outlet free jet outlet
The velocity and temperature at the jet centerline on both outlets were also measured.
(Figure 2.3.4) The discharge velocity is about 2 to 4 m/s, which is higher than those
specified by standards as being admissible within occupied zones. They reported that
since the discharge is affected by the direct floor level and stable air jets are needed,
locally increased air velocities of this kind are essential on physical grounds. Therefore
they recommended that when fixing the location of floor outlets, consideration should be
given to observing a minimum distance between the workplace and the outlets, and the
minimum distance should be 1 to 1.5 m for the outlet of 200mm diameter.
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Figure 2.3.4 Velocities and temperatures above the outlets
Hanazawa (1990) conducted the research with the diffuser that has three different angles
of movable vanes. The outlet consists of ring openings as a grille, moveable vanes that
create a swirl flow and an air damper in order to use a swirl flow to obtain a correct
airflow in the occupied zone. (Figure 2.3.5) A comparison of the jet's velocities with
three slant angles of vanes (38,70,85) is shown in Figure 2.3.6. The bigger slant angle of
vanes provides the bigger velocity around the boundary of the jet. In addition, the bigger
slant angle of vanes made the wider spreading angle of the air jet.
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Figure 2.3.6 Jet's center velocities of three different slant angles
The jet's profiles of cooled airflow and temperature distribution from the outlet when the
slant angle of the vanes was 70 are shown in Figure 2.3.7.
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Figure 2.3.7 Velocity and temperature profiles from the outlet
Tuddenham (1985) measured air velocity of three different types of diffusers and
temperature gradient both above and between diffusers. In addition, they also measured
the horizontal air velocity and temperature distribution in the perimeter zone with linear
floor diffusers.
Conclusions
One of the important elements to achieve a good airflow distribution is a shape of
diffusers. Some researches were conducted to develop air diffusers to meet this criterion.
It is necessary to develop diffusers that produce a highly producing turbulent mixing
action to facilitate a rapid thermal transfer between the supply air and existing room air to
obtain the uniform vertical temperature gradient. On the other hand, too high supply air
velocity and turbulence may cause the thermal discomfort in the area near the diffusers.
The following characteristics are generally required to prevent draft from the air jet:
* A higher rate of induction by optimized diffuser shape and supply air angle
* A limited angle of spreading air jet
2.4 Indoor Air Quality
Generally from an indoor air quality point of view, the under-floor air supply system has
advantages over the more conventional overhead air approach. At the same average
concentration, the concentration level in the occupied zone is lower with the under-floor
air system than with the overhead system. (Figure 2.4.1, Sodec and Craig 1990)
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Figure 2.4.1 local concentration of air pollutants
Measurements to evaluate indoor air quality were conducted by Matsunawa (1995). The
coefficient of air change performance of a well-designed ceiling diffuser system was set
to be unity, while that of the under-floor air-conditioning system was found to be 1.12
based on a tracer gas measurement with SF6. Figure 2.4.2 shows the local air change
index. The local air change index was calculated based on the local age of air. The local
air change index is normalized by the value at the bottom of the room of the ceiling
diffuser system. The index indicates fresh air rate of the area.
The under-floor air-conditioning system performed slightly better than the conventional
ceiling diffuser system in ventilation efficiency.
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Figure 2.4.2 Llocal air change index
In Figure 2.4.3 the measured dust concentration in the experimental chamber is shown.
The concentration is measured at three points (A, D, E) in the office and point A is nearer
to the under-floor diffuser than D and E. Compared with the ceiling diffuser system, the
under-floor air-conditioning system maintains the indoor dust concentration at a lower
level. Observations indicate that this is because, in the under-floor air-conditioning
system, the removal of dust is promoted by the air blowing from the floor to the ceiling.
Spoormaker (1990) measured the air quality in a 50,000m2 office building. It is reported
that it is evident from the results that the air quality standards art well within the
threshold limit values.
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Figure 2.4.3 the reduction of dust concentration
Conclusions
Generally, under-floor systems can obtain better indoor air quality than conventional
ceiling air-conditioning system. It is because under-floor systems supply fresh air directly
to the occupied zone. Although under-floor systems with diffusers make mixing
ventilation because of the high supply air velocity from diffusers, the better environment
is obtained in the occupied zone.
2.5 Energy Consumption
Energy consumption is one of the important criteria for evaluation of air-conditioning
systems. Matsunawa (1995), Heinemeier (1990) studied and reported some method to
reduce energy consumption with under-floor air-conditioning systems.
Natural cooling
Natural cooling by outdoor air is possible when the temperature of the outdoor air is low
enough. In the under-floor air-conditioning system, higher temperature supply air is
delivered at the time of cooling compared with a conventional ceiling-based air-
conditioning system, assuming the same amount of conditioned air is supplied.
Matsunawa (1995) reported that in the CFD simulation study, supply air temperature was
around 20 C for the under-floor air-conditioning system, while for the ceiling-based air-
conditioning system the supply air temperature was around 16 C. These results led to the
assumption that the under-floor air-conditioning system allows the temperature of supply
air to be approximately 4 C higher than that of the ceiling-based air-conditioning system.
When the climate conditions of Tokyo, Japan are taken into account, the potential amount
of refrigerator cooling energy savings that can be achieved through natural cooling is
estimated to approach 30%.
Refrigerator COP
Because of the higher supply air temperature used in the under-floor air-conditioning
system, a higher supply air temperature can be achieved resulting in an energy saving
effect from the improved COP of the refrigerator.
By the field measurement conducted by Matsunawa (1995), it was confirmed that for all
seasons the refrigeration system was operated at a chilled water supply temperature of
9 *C to 10 *C for the under-floor air-conditioning system. Under these conditions, the
COP of the refrigerator increased to 5 to 6, leading to an increase in efficiency of
approximately 5% in comparison to the COP based on a chilled water supply temperature
of 7 0C. The under-floor air-conditioning system was capable of raising the chilled water
supply temperature in accordance with any rise in the supply air temperature with no
adverse effects on indoor thermal comfort.
Thermal storage of floor slab
Because the under-floor system supplies conditioned air to the space between the floor
and the raised floor, it is easy to the system to make use of thermal storage of the floor
slab. Cool outside air is introduced to into the under-floor plenum during the night, and
the thermal mass of the floor slab is cooled down. The cool storage of the floor slab can
be utilized to reduce the temperature of the supply air in the under-floor plenum, thus
reducing mechanical cooling energy use.
The effects of natural ventilation through the under-floor plenum were measured during
the spring by Matsunawa (1995). Comparing the result with the night purge operation to
the result without the night purge, an estimated energy savings of 186 Wh/day/m2 could
be achieved through the night purge operation utilizing the floor slab thermal storage.
Conclusions
The under-floor system has some advantages for energy conservation because of its
characteristic features. Compared with mixing ventilation, under-floor air-conditioning
systems may save energy with some methods.
To be exact, in addition to the energy consumption, first costs and maintenance costs
should be considered and examined.
2.6 Conclusions
The summary of the findings from the literature review is shown in Table 2.6.1.
Table 2.6.1 Summary of the findings from the literature review
Parameters which affect
Items Findings the item
Temperature Temperature gradient in the occupied zone Supply air temperature
distribution Low temperature near the diffusers Supply air velocity
Supply air velocity
Airflow distribution High velocity near the diffusers Diffusers' location
Furniture configuration
Supply air velocityIndoor air quality Low IAQ due to mixing ventilation Exhausts' location
Energy Natural cooling due to high supply temperature Supply air temperature
consumption Better refrigerator COP Air chug rate
Based on these findings, the research is conducted in order to improve the disadvantages
of the current systems. More specifically, first we carry out experimental test to obtain a
reliable data on the floor-supply ventilation system. Then, a CFD program is validated
with these data. By using the validated program, we conduct numerical simulations of
several different cases of the floor-supply ventilation system. These will be discussed in
the following chapters.
3. Experimental Study
In general, two main research methods are available to study indoor environment:
experimental investigation and computer simulation. In principle, direct measurements
give the most realistic information concerning indoor air quality and thermal comfort,
such as the distributions of air velocity, temperature, relative humidity, and contaminant
concentrations. However, direct measurements are very expensive and time consuming.
To simulate an indoor space properly and obtain reliable results of direct measurements,
an environmental chamber which is isolated from the external space is necessary. To
obtain accurate results, the airflow and temperature from the HVAC systems and the
temperature of the building enclosure must be maintained the same throughout the
experiment. This is especially difficult without an isolated experimental chamber
because the outdoor conditions change over time and the temperature of the building
enclosure and the airflow and temperature from the HVAC systems would change as
well. However, such an environmental chamber costs more than $300,000 with
necessary equipment for measuring air velocity, temperature, relative humidity, and
contaminant concentrations. Furthermore, it may not be easy to change from one spatial
configuration to another. In addition, since the measurements must be made at many
locations to get useful information, a complete measurement may take a long time of
work.
On the other hand, the indoor air quality and thermal comfort can be determined
computationally by solving a set of conservation equations describing the flow, energy,
and contaminants in the system. Due to the limitations of the experimental approach and
the increase in performance and affordability of high-speed computers, the numerical
solution of these conservation equations provides a practical option for computing the
airflow and pollutant distributions in buildings. This method is the Computational Fluid
Dynamics (CFD) technique.
The CFD technique is a powerful tool for solving indoor environment problems, such as
airflow pattern and the distributions of air velocity, temperature, relative humidity,
turbulent intensity, and contaminant concentrations. Because of the limited computer
power and capacity available at present, turbulence models have to be used in the CFD
technique in order to solve the flow motion. However, the use of turbulence models
leads to uncertainties in the computed results because the models do not have universal
validity for all kinds of indoor spaces. Therefore, it is essential to validate a CFD
program by appropriate experimental data.
A lot of experimental data are available in the literature but very few of them can be used
for validation. Because experimental data for CFD validation must contain detailed
information of flow and thermal boundary conditions as well as flow and thermal
parameters measured in the space.
Therefore, We conducted the experiment of the floor-supply displacement ventilation
system to obtain the data which can be used to validate the CFD program for the floor-
supply displacement system. Since the experimental data are used only for the CFD
validation, the measurements were conducted only for a few typical cases.
This chapter presents detailed experimental method and data for the floor-supply
displacement system.
3.1 Experimental Facility
3.1.1 Experimental Chamber
The measurement for CFD program validation was done in the experimental chamber at
Massachusetts Institute of Technology. The chamber is shown in Figure 3.1.1. The
chamber consists of a box which is covered by well-insulated walls. The chamber has a
movable wall, which divides the chamber into two chambers. One is the test chamber, in
which the measurements are done and the other is the climate chamber, which can
represent different outdoor conditions. The movable wall has a double-grazing window
and the rest part is an well-insulated wall. The specifications of the chamber are shown
in Table 3.1.1.
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Figure 3.1.1. Experimental chamber
Table 3.1.1. The specifications of the experimental chamber
Dimension
Test chamber 5.16m * 3.65m * 2.43m (high)
Climate chamber 3.08m * 3.65m * 2.43m (high)
Window 3.45m (wide) * 1.16 m (high)
Thermal resistance
Walls (including partition) 5.3 Km 2/W
Ceiling, Floor, Door 5.3 Km 2/W
Window 0.27 Km2/W
3.1.2 HVAC system
Each chamber has an individual HVAC system so that different conditions can be made
for the test chamber and the climate chamber. Specifications of the HVAC system for
each chamber are shown in Table 3.1.2. The schematic figure of the HVAC system is
shown in Fig 3.1.2. Some supply ducts and return ducts are attached to the test chamber
so that different types and locations of supply diffusers and return grills can be used for
the experiment.
Table 3.1.2 Specifications of the HVAC system
Test chamber Climate chamber
Supply Fan max 930 m3/h max 930 m3/h
Return Fan max 930 m3/h max 930 m3/h
Preheter 8 kW 8 kW
Reheter 8 kW 8 kW
Humidifier 11 kg/h none
Chiller 21 kW
+ Outdoor Air
Cooling Coil Orifice (Flow rate)
Figure 3.1.2 HVAC system for the experimental chambers
Each HVAC system is controlled using the software "Insight" through the control
interfaces on the PC. Figure 3.1.3 shows the control interface of the HVAC system used
for both the test and the climate chambers at the MIT facilities. The high precision
control enables us to obtain high quality experimental environment in the chambers. Air
temperature and air supply rate for both chambers can be well controlled.
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Figure 3.1.3 Control interface of the HVAC system
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3.1.3 Measuring Equipment
The measuring equipment of the test chamber is:
" A hot-sphere anemometer system for measuring air velocity and temperature
" A thermo-couple system for measuring temperature
e A tracer gas system for measuring contaminant concentration
" A flow visualization system for observing airflow patterns
A hot-sphere anemometer system for measuring air velocity and temperature
Anemometers basically measure air velocity. In general, there are some different types
of anemometers. One of them is a "hot anemometer". It heats a wire or a sphere to a
specified temperature and then measures the rate of cooling. This rate is proportional to
air speed.
Hot-sphere anemometers with omni-directional sensors are used for measuring velocity
and temperature in the experimental chambers. The hot-sphere anemometer used in this
experiment is shown in Figure 3.1.4 and the specifications are shown in Table 3.1.3. The
anemometer probe includes a multidirectional velocity sensor and temperature sensor.
The velocity sensor is made of enameled cupper wire pressed into the shape of the
sphere, diameter of which is 3mm. The temperature sensor is made of the thin nickel
wire and its shape is cylindrical. The temperature sensor measures the ambient air. Both
the sensors are vacuum covered with special aluminum coating that increases their
resistance to contamination and decrease the effect of thermal radiation on the readings.
The probe is placed in a support, which length is 250mm. The temperature sensor
operates in a constant temperature anemometer bridge with automatic temperature
compensation. An ADD board is used for data acquisition. The test chamber has 30 hot-
sphere anemometers for simultaneous measurements of air velocity.
Figure 3.1.4 Anemometer probe
Table 3.1.3 Specifications of the anemometer system
Type hot-spherical
Velocity sensor spherical, diameter-3mm
Velocity range 0.05 to 5 m/s
Repeatability 0.01m/s
Temperature range 0 to 60 C
Temperature accuracy 0.3 C
Transducer outputs(voltage) 0-5 V
max length of cable 5 m
Distance between two sensors 25 mm
Diameter of the probe 7 mm
A thermo-couple system for measuring temperature
A thermocouple is a sensor for measuring temperature. It consists essentially of two strips
or wires made of different metals and joined together at one end, which produce a small
voltage difference at a given temperature. This voltage is measured and converted into a
temperature.
Thermocouples are used to measure both air and surface temperature in the experimental
chamber. Thermocouples are coated with aluminum paint to reduce the radiation. A data
logger system is used for a digital data acquisition. The specifications of the
thermocouples used in this experiment are shown in Table 3.1.4. Fifty thermocouples are
used to measure both wall temperatures and air temperatures.
Table 3.1.4. Specifications of the thermocouples
Material Copper-Constantan
Insulation PFA
Temperature range -60 to 100 C
Temperature Accuracy 0.5 C
Size 0.62 mm x 0.10 mm
Weight 2 (lb/I000feet)
A tracer gas system for measuring contaminant concentration
A multi-gas monitor and analyzer system is used to measure contaminant concentration
in the test chamber. Its measurement principle is based on the photoacoustic infrared
detection method, which can be applied for almost any gas which absorbs infrared light.
The multi-gas monitor and analyzer system used in this experiment are in Figure 3.1.5
and the specifications are shown in Table 3.1.5. The gas-analyzer is controlled by the PC
and data are stored also in the PC. The tracer-gas system used in this experiment can
measure SF6, C0 2 , and H20. In this experiment SF6 is used for contaminant
concentration measurement because the background concentration of SF6 in the
atmosphere is almost zero.
Figure 3.1.5 The multi-gas monitor and analyzer system
Table 3.1.5 Specifications of the multi-gas monitor and analyzer system
Measurement technique Photoacoustic infrared spectroscopy
Measurement range Min. 0.001 ppm
Measurement unit ppm or mg/m 3
Response time about 30s to 100s
Repeatability 1% of measured value
Operating temperature 5C to 40C
A flow visualization system for observing airflow patterns
The test chamber has two long vertical slots and several observation windows on the
walls. Light penetrates through the slots and forms a thin light sheet. By injecting smoke
into the test chamber, the airflow pattern can be observed through observation windows
normal to the light sheet.
The test facility has two types of smoke sources. One is the theater fog generator and the
other is the air current kit. The fog generator and the air kit are shown in Figure 3.1.6 and
3.1.7, respectively. The theater fog generator produces a large amount of smoke and the
smoke is supplied to the chamber or the ducts through a tube which is attached to the
generator. This generator is suitable for observing how supply air is distributed into the
room. On the other hand, the other smoke source, the air current kit is suitable for
observing air flow pattern in a particular area. The kit generates a small amount of
smoke locally.
Figure 3.1.6 Fog generator
Figure 3.1.7 Air current kit
3.2 Calibration of the Measurement Equipment
It is necessary to re-calibrate all the measurement equipment before doing new
measurements for obtaining accurate and reliable experiment data. Therefore, the
anemometer system, the thermocouple system, and the gas-analyzer system were
calibrated before the experiment. In this chapter, the calibration procedures and the
results of the calibration are explained.
3.2.1 Calibration of the Anemometer System (Air Velocity)
To calibrate the existing anemometer system for air velocity measurement, the air
velocity calibrator (TSI Model 1128A) was used. The calibrator is shown in Figure 3.2.1
and the specifications of the calibrator are shown in Table 3.2.1.
Figure 3.2.1 Velocity Calibrator
The velocity calibrator used in this calibration is designed to calibrate hot-wire, hot-film,
and hot-sphere anemometer probes. The calibrator is composed of a calibrator consisting
of flow-setting chamber, a probe manipulator, an exit nozzle which makes a free jet, an
air filter, a regulator, and a pressure transducer. In addition to the calibrator, the air
compressor is used to supply pressurized air to the calibrator.
Table 3.2.1 Specifications of the velocity calibrator
Air Velocity Calibrator
Velocity range 0.05 to 50 m/s
Velocity accuracy 0.5%
Turbulence intensity 0.3%
Nozzle size 10mm, 14mm
Dimensions 0.43m * 0.25m * 0.79m tall
Weight 10.2 kg
Pressure transducer
Accuracy 0.15%
Resolution 0.01%
Temperature sensitivity 0.02%
In the most common mode of the calibrator, the differential pressure across the exit
nozzle which is a free jet is measured. The equations that are used are the same that is
used with a Pitot tube and where the velocity is proportional to the square root of
velocity. With the dP transducer, the upper range of velocity would be about 50 m/s. In
the smallest nozzle which can be used for the lowest velocity range, the velocity in the
exit jet is about 0.054 times that calculated from dP. So the maximum velocity is about
1.7 m/s and the dP at the minimum velocity of 0.05 m/s is about 0.0038 mmHg.
The following is the calibration procedure for the anemometer system in air velocity
measurement.
(1) Set the air velocity calibrator. Turn on the pressure transducer. The transducer
should be turned on and left on for at least 45 minutes before use to allow it to warm
up and stabilize.
(2) Place an anemometer probe into the probe support of the air velocity calibrator.
Position the probe support so that the velocity sensor of the probe is directly above
the center of the calibrator nozzle.
(3) Open the valve and measure output voltage from the pressure transducer. Adjust the
airflow from the Calibrator nozzle at appropriate velocity which is expected as the
lowest velocity in the experiment. The velocity from the nozzle is calculated from
the output voltage from the pressure transducer.
(4) Measure and record the output voltage from the pressure transducer and the output
voltage from the anemometer.
(5) Adjust the airflow from the Calibrator nozzle at the appropriate velocity which is
slightly higher than the previous velocity.
(6) Measure and record the output voltage from the pressure transducer and the output
voltage from the anemometer.
(7) Repeat the procedure (5) and (6) until the expected highest velocity in the experiment.
About 15 calibration points should be used for sufficient calibration data.
(8) By fitting the anemometer air velocity equation to the calibration experimental data,
get the coefficients of the calibration equation for the anemometer by curve fitting.
(9) Do procedure (2) to (8) for each anemometer.
To calculate the calibration velocity (procedure (3)), which is the actual air velocity
emerging through the calibration nozzle, first the so-called "Control" velocity has to be
calculated. The "Control" velocity, U, is calculated using differential pressure as well as
barometric pressure, temperature, and certain air properties, such as gas constant and
specific heats. The equations and properties used for calculation are as follows:
P+AP Y
M= 2 x P (3.2.1)
a2
a a (3.2.2)
1+ ( M2
U = Mxa (3.2.3)
where
P : Absolute pressure
AP : Differential pressure (same unit as P)
T : Stagnation temperature ( C )
y : Ratio of specific heats (Cp/Cv, y =1.399 for air)
MW : Molecular Weight (MW=28.994 kg/kmol for air)
R* Universal gas constant (R*=8314 J/kmol K)
R=R*/MW: Gas constant for specific gas
a : Speed of sound (m/s)
ao : Speed of sound at stagnation conditions (m/s)
a 0 = (y x R x (T + 273.15))2
M : Mach number
U : Control velocity (m/s)
These equations are based on Bernoulli's equation.
After the "Control" velocity is calculated, the calibration velocity, V, from the nozzle is
calculated using the following equations.
VC =k+aU+bU2 +cU 3 +dU 4 +eU+fU6 +gU'+hU+iU9  (3.2.4)
where
Vc Calibration velocity (m/s)
U : Control velocity (m/s)
Coefficients: k = -1.3657E-2
a = 5.7953E-2
b = -1.7365E-3
c = 6.7386E-5
d = -1.5064E-6
e = 2.0689E-8
f = -1.7582E-10
g = 8.9361E-13
h = -2.4661E-15
i = 2.8118E-18
The calibration equation used for anemometer (procedure(8)) is:
V = (bo + bIu 2 + b2U 4 + b3U 6 + b4U V8)2 (3.2.5)
where
V : Velocity (m/s)
Uv : Voltage output (V)
bo, bi, b2, b3, b4 . Coefficients
One of the calibration results of the anemometers is shown in Figure 3.2.2.
2-
00 5 10 15
Serial Number: A-26.3.001
Point 1 2 3 4 5 6 7 8 9 10 11 12
U2 1.92 1.98 2.01 2.98 3.56 4.75 6.21 6.61 7.13 8.05 8.67 11.21
0.40 0.43 0.42 0.53 0.59 0.73 0.88 0.92 0.98 1.08 1.15 1.48
Coefficients / V = (b0 + bIU y 2 + b2U 4 + b3U6 6 + b4 UV8 )2
bO bl b2 b3 b4
1.90E-01 1.21E-01 -2.84E-03 2.11E-04 -1.51E-06
Figure 3.2.2. Air velocity calibration result of Anemometer A-26.3.001
3.2.2 Calibration of the Anemometer System and the Thermocouple System
(Temperature)
The following is the calibration procedure for the anemometer system and the
thermocouple system in temperature measurement.
(1) Put all the anemometers and the thermocouples into an isolated box or a small room.
(2) Set the air temperature inside the room to the expected lowest temperature in the
experiment. Measure the room temperature with a standard thermometer.
(3) Record the output temperatures from all the anemometers and the thermocouples as
well as the room temperature measured by the thermometer.
(4) Increase the temperature inside the room about 5-10 'C higher. Measure the room
temperature with a standard thermometer.
(5) Record the output temperatures from all the anemometers and the thermocouples as
well as the room temperature measured by the thermometer.
(6) Repeat procedure (4) and (5) until the expected highest temperature in the
experiment.
(7) Fit the anemometer temperature equation model and the thermocouple temperature
equation model to the calibration experimental data, get the coefficients of equations
for each anemometer and thermocouple by curve fitting.
The calibration equation used for temperature (procedure(7)) is:
T =ax T + b (3.2.6)
where
T
Tm
a, b
Temperature (*C)
Temperature output from thermocouples anemometers ('C)
Coefficients
One of the calibration results of temperature is shown in Figure 3.2.3.
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Figure 3.2.3 Temperature calibration result of Thermocouple TI-1
3.2.4 Calibration of the gas analyzer system
The gas analyzer system was re-calibrated by its manufacture because its calibration
needs special equipment that our facility does not have.
3.3 Experiment with floor diffusers
In this research, round shape swirl floor diffusers are used in the experiment. Since the
experimental data are used only for the CFD validation, the measurements were
conducted only for a few typical cases. The room configuration used is a typical small
office configuration with two occupants. The calibrated anemometers, thermocouples,
and gas analyzer system are used in the experiment.
3.3.1 The setting up of the experimental chamber
The floor diffusers are usually used with raised access flooring system. Therefore, the
raised floor was installed in the test chamber. The cavity created by the raised floor is
pressurized by the supply air and used as a supply air plenum feeding the floor diffusers.
The raised floor was made of several wood panels used as floor panes and several wood
blocks used as props.
Since the existing test chamber does not have supply duct to the floor, the insulated ducts
were installed from the ceiling supply inlet to the raised floor in order to supply the
conditioned air to the floor plenum under the raised floor. The section of the test
chamber with the raised floor is shown in Figure 3.3.1.
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Figure 3.3.1 Section of the test chamber with the raised floor
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The round shape floor diffuser used in this experiment is shown in Figure 3.3.2. It is
made of plastic. The diameter is 200mm and the height is 150mm.
After setting up the raised floor in the test chamber the air leakage from the raised floor
was checked using smoke visualization before setting up office configuration.
Figure 3.3.2 Round-shape swirl floor diffuser
3.3.2 The setting up of the experimental configuration
The measurements were conducted for a small office configuration. Figure 3.3.3 shows
the configurations used in the experiment.
Figure 3.3.3 Space configuration used in the experiment
The internal heat source and the tracer gas source used in the experiment are listed in the
Table 3.3.1. Since the main purpose of the experiment is to obtain the data which can be
used for CFD program validation, only some typical cases were used.
Table 3.3.1 Internal heat source and the tracer gas source
Heat Sources
Item size (m) heat
length width height
Room 5.16 3.65 2.27 -
Window 3.35 1.16
Diffuser 0.2 0.2
Exhaust 0.45 0.45
Occupant 1 0.4 0.35 1.1 75
Occupant 2 0.4 0.35 1.1 75
PC 1 0.4 0.4 0.4 108.5
PC 2 0.4 0.4 0.4 173.4
Desk 1 2.23 0.75 0.75
Desk 2 2.23 0.75 0.75
Box 1 0.95 0.58 1.24
Ceiling lamp 1 0.2 1.2 0.15 68
Ceiling lamp 2 0.2 1.2 0.15 68
Ceiling lamp 3 0.2 1.2 0.15 68
Ceiling lamp 4 0.2 1.2 0.15 68
Temperature in the climate chamber: 30 (C)
Tracer gas (SF6) Source
Item Height (m) SF6 (ml/min)
Occupant 2 1.1 348
3.3.3 Measurement Procedure
Five removable poles are used for measurements. Each pole has six hot-sphere
anemometer probes, six sampling tubes for contaminant concentration measurement, and
two thermocouples. In addition to the thermocouples on the pole, other forty
thermocouples are used to measure the temperature of the walls, the floor, the ceiling, the
window, the temperature in the floor plenum, and the supply and exhaust temperature.
Figure 3.3.4 shows the test chamber with the experiment configuration and sampling
poles.
Measurements were conducted under steady state conditions by stabilizing the room
thermal and fluid conditions for more than 12 hours before starting the measurements.
Air velocity, air temperature, and SF6 concentration were measured in nine different
locations using five poles. Total measuring points for air velocity were 54, for gas
concentration were 58, for temperature were 112. The nine locations of the poles are
shown in Figure 3.3.5.
The air change rates used in the measurements are 4ach and 8ach. 4ach is the value that
is considered to be appropriate with side-wall displacement ventilation. 8ach is a
recommended airflow rate for the floor diffuser by the manufacture. The flow rate of the
supply air into the test chamber was calculated by the gas concentration of the supply air,
exhaust air and the gas flow rate from the gas source. The flow rate which calculated
from using tracer gas is considered to be more accurate than the flow rate on the PC
interface, which is obtained from the orifice flow meter in the supply duct. Because there
is air leakage from the ducts and the orifice is located in the main supply duct.
Figure 3.3.4 Test chamber with the experiment configuration and sampling poles
Figure 3.3.5 Nine locations of the poles
2.3.4 Experimental results
Figure 2.3.6 and Figure 2.3.7 are the results of smoke visualization of the air flow from
the floor diffuser with 4 and 8 ach, respectively. With 8 ach, the air flow angle from the
diffuser is a little bit wide than that with 4 ach. This is because 8ach is a recommended
value of the manufacture and with 8ach the guide vanes in the diffuser work more
effectively than with 4ach.
Figure 2.3.6. Air flow with 4ach Figure 2.3.7. Air flow with 8ach
The results of air velocity, air temperature, and tracer gas concentration are shown Table
2.3.2 (4 air change rate) and Table 2.3.3 (8 air change rate). These data are used to
validate the CFD program used in this research in the next chapter.
From Table 2.3.2, it is found that the floor-supply system created a temperature
stratification. The temperature gradient in the lower part of the room is much larger than
that in the upper part, because most heat sources, such as PCs and occupants, are located
in the lower part of the room. However, with 8ach, the temperature gradient in the lower
part of the room is small. This is because of the higher supply air velocity from the floor
diffusers makes the conditions like mixing ventilation rather than displacement
ventilation.
In both cases, the velocity distributions in the room are generally low except around the
diffusers.
Table 2.3.2 Experimental results of temperature, velocity, and gas concentration
with 4 air change rate
Airflow rate
Tsduct(upper))
Tsduct(lower)- 1
Tdiffuser- 1
Texhaust
SF6 inlet
Heat balance
Heat-input (W)
Heat-removed(W)
Twall
187 m3/h
15.6 OC
16.1 oC
18.8 oC
28.0 oc
0.023 ppm
Air change rate
Tsduct(lower)-2
Tdiffuser-2
Tclimate
SF6 return
= Heat room + Heat window
= air flow rate*density*Cp*dT
4.4 times/h
16.2
18.9
34.0
0.461
oc
oc
oc
ppm
741
784
W E S N
2.1m 26.1 29.0 27.5
1.3m 26.3 29.8 27.1 26.8
0.3m 25.1 27.0 25.8
Tfloor/ceiling/pole
Ceiling
2.22m
2.1m
1.7m
1.3m
0.9m
0.5m
0.1m
0.05m
Floor
P1
27.1
28.4
28.5
P2
27.1
28.1
28.4
P3 P4 P5 P6 P7 P8 P9
28.1
28.0
28.31
28.9
28.6
28.2
29.1
28.6
27.2
28.3
28.4
27.2
28.4
28.4
27.1
28.8 28.8
28.4
27.3
28.4
27.9 27.9 28.0 28.1 28.1 28.2 28.2 28.2 28.3
27.3 27.7 27.5 27.2 27.4 27.5 27.8 27.7 27.5
26.2 26.5 26.2 25.6 25.7 26.2 26.2 26.3 26.3
25.6 26.0 25.5 25.1 25.3 25.6 25.5 25.4 25.5
24.6 24.2 24.5 24.6 24.7 25.0 24.9 24.9 24.6
24.1 24.1 24.9 24.7 25.0 24.4 24.7 24.9 24.5
23.9 24.6 24.9 25.7 26.3 24.7
underfloor 22.9 23.6
floor plenum 19.7 20.6
floor slab 21.3 22.2
Velocity
P1 P2 P3 P4 P5 P6 P7 P8 P9
2.1 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.1 0.0
1.7 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.9 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0
0.5 0.1 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0
0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Tracer Gas (ppm)
P1 P2 P3 P4 P5 P6 P7 P8 P9
2.1 0.30 0.29 0.40 0.48 0.43 0.30 0.44 0.45 0.35
1.7 0.35 0.33 0.40 0.53 0.68 0.30 0.40 0.37 0.32
1.3 0.30 0.30 0.31 0.38 0.43 0.27 0.29 0.35 0.28
0.9 0.22 0.25 0.22 0.16 0.16 0.24 0.23 0.24 0.23
0.5 I.15 03 0.17 0.18 0.17 0.19 0.20 0.17 0.18
0.1 0.16 0.17 0.17 0.17 0.17 0.17 0.17 0.17
28.8 28.8
25.0 2.1124.8
Table 2.3.3 Experimental results of temperature, velocity, and gas concentration
with 8 air change rate
Airflow rate
Tsduct(upper))
Tsduct(lower)- 1
Tdiffuser-1
Texhaust
SF6 inlet
Heat balance
Heat-input(W)
Heat-removed(W)
Twall
344 m3/h
20.5 OC
20.7 oC
21.5 oC
27.0 oC
0.018 ppm
Air change rate
Tsduct(lower)-2
Tdiffuser-2
Tclimate
SF6 return
= Heat room + Heat window
= air flow rate*density*Cp*dT
P1 P2 P3 P4 P5 P6 P7 P8 P9
26.5Ceiling
2.22m
2.1m
1.7m
1.3m
0.9m
0.5m
0.lm
0.05m
Floor
26.6 27.3 27.8 26.6 26.6 26.6 26.7
26.4 26.4 26.9 27.2 27.4 26.6 26.6 26.7 26.6
26.5 26.5 26.4 26.6 26.8 26.5 26.4 26.5 26.3
26.3 26.3 26.3 26.3 26.5 26.3 26.4 26.2 26.2
26.0 25.8 26.0 26.2 26.0 26.2 26.1 25.9 26.2
25.7 25.6 26.2 25.8 25.8 26.3 26.0 25.8 26.2
25.9 25.8 26.2 25.8 25.8 26.1 26.2 25.9 26.0
26.0 26.0 26.1 25.7 26.0 26.1 25.6 26.1 25.7
25.4 25.3 25.5 25.3 25.2 25.1 24.9 25.1 24.9
25.3 25.4 25.5 25.9 26.5 25.4 25.4 25.6 25.6
Underfloor 23.7 24.3
floor plenum 22.3 22.7
floor slab 22.7 23.4
Velocity
P1 P2 P3 P4 P5 P6 P7 P8 P9
2.1 0.0 0.0 0.3 0.1 0.1 0.1 0.1 0.1 0.1
1.7 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
1.3 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
0.9 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0
0.5 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.0 0.1
0.1 0.1 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.1
Tracer Gas (ppm)
P1 P2 P3 P4 P5 P6 P7 P8 P9
2.1 0.17 0.18 0.19 0.27 0.17 0.14 0.15 0.34 0.32
1.7 0.16 0.14 0.19 0.23 0.18 0.13 0.13 0.32 0.30
1.3 0.15 0.15 0.17 0.19 0.15 0.13 0.13 0.26 0.27
0.9 0.12 0.12 0.17 0.18 0.14 0.13 0.14 0.25 0.28
0.5 0.12 0.12 0.17 2.00 0.14 0.14 0.14 0.21 0.24
0.1 0.11 0.11 0.11 2.00 0.14 0.15 0.14 0.21 0.24
8.0 times/h
20.7
21.5
34.0
0.257
oc
oc
oc
ppm
762
749
As for the tracer gas concentration, the same tendency can be found. With 8ach, the gas
concentration in the room is almost uniform, while there is a gas concentration gradient
with 4ach. This also indicates that the condition is mixing ventilation rather than
displacement ventilation with 8ach.
3.4 Conclusions
We conducted the experiment of the floor-supply displacement ventilation system to
obtain the data which can be used to validate the CFD program for the floor-supply
displacement system. The measuring equipment, such as the anemometer system, the
thermocouple system, and the gas-analyzer system were calibrated before the experiment
before doing the measurements to obtain accurate and reliable experiment data.
Since the experimental data are used only for the CFD validation, the measurements were
conducted only for two typical cases. Even in two cases of the experiment, it is found
that indoor environment with 4ach is different from that of 8ach. With 8ach the condition
seems like mixing ventilation in the occupied zone because of higher supply air velocity
and higher air change rate than with 4ach. With 4ach it is more like displacement
ventilation.
The experimental data obtained will be used for a CFD program validation in next
chapter.
4. Validation of CFD program
The Validation is to demonstrate the ability of the CFD program to accurately predict
representative indoor environmental applications for which reliable data is available. It
shows how accurately the CFD simulations can predict indoor environment problems in
the real world. Therefore, the validation process is necessary to apply the CFD program
for design and evaluation of a similar indoor environment category.
The fundamental strategy of validation is to identify suitable experimental data, to make
sure that all the important physical phenomena in the problem interested are correctly
modeled, and to quantify the error and uncertainty in the CFD simulation. Since the
primary role of CFD in indoor environment modeling is to serve as a useful tool for
design and analysis, it is essential to have a systematic and affordable program validation
process.
With the detailed experimental data obtained in Chapter 3, the CFD program used in this
research can be validated. The validated CFD program can be used to simulate and
evaluate the design and performance of the floor-supply displacement ventilation system.
The CFD program used in this research is a commercial program, "PHOENICS". The
CFD model used is a RNG (re-normalization group) k- s model.
Since new buildings are becoming highly airtight and insulated, coupled with a
proliferation of electric equipment, most rooms need cooling even in the winter. In
addition, floor-supply ventilation systems are generally suitable for heating in the winter,
because warm conditioned air is supplied from the floor and exhausted from the ceiling
grills which is in accordance with the direction of buoyancy effects. Therefore, only a
steady-state simulation of cooling in summer condition is investigated in this chapter.
4.1 CFD Model
In general, the Reynolds stress models are used for complex flows. Among several kinds
of k- s models, the Re-Normalization Group (RNG) k- E model (Yakhot and Orszag
1986, Yakhot 1992) is stable and is slightly more accurate than the standard k- E model
(Launder and Spalding 1974) for indoor airflow simulations. (Chen 1995, Loomans
1998) Therefore, the RNG model is used in this study.
4.1.1 The Re-Normalization Group (RNG) k-s model
CFD is the application of numerical techniques to solve the Navier-Stokes (N-S)
equations for fluid flow. The N-S equations are derived by applying the principles of
conservation laws of mass and momentum to a control volume of fluid. When applying
CFD to the IAQ and thermal comfort problem, conservation of mass for a contaminant
species and energy for thermal responses also may be applied. All of the conservative
governing equations can be expressed in a common form in Equation (4.1.1).
(pa)+ a(pu9) a (1a')9 (4.1-1)at aNia axi
where
t = time
P = air density (kg/m3)
= dependent variable:
1 for mass continuity
uj (j=1,2, and 3) for three components of momentum
k for kinetic energy of turbulence
E for dissipation rate of turbulence energy
T for temperature
C for contaminant concentration
x = coordinate
F = exchange coefficient
s, = source term
For buoyancy flows, the Buossinesq approximation, which relates density change with
temperature difference, is usually employed. Because most practical flows are turbulent,
a certain turbulence theory must be applied. For most of the industrial cases, turbulence
modeling theory is a more practical and effective way to simplify the turbulence terms in
the N-S equations.
However, due to the complexity of turbulent flow, it is difficult to obtain a universal
turbulence model for all types of indoor airflow. Many efforts have been made to
identify the most suitable turbulence model for indoor airflow. A general conclusion
from several studies of different models for indoor airflow is that turbulent models
perform differently from one case to another, although all simulated flows are indoor
airflows.
In general, the standard k- E model performs well among many turbulent models. The
standard k-E model is stable, easily implemented, widely validated, and reasonably
accurate for many applications. This feature makes the standard k- Emodel one of the
most widely used turbulence models in practice for indoor flows. However, in many
HVAC applications, the standard k- E model has problem in predicting strong buoyancy,
separated flows, axisymmetric jets, swirl flows, and heat transfer from a wall. Therefore,
many modified k- E models, such as the RNG (Re-Normalization Group) k- s model
(Yakhot and Orszag 1986, Yakhot et al. 1992), have been developed to improve
performance for certain cases of problems.
Table 4.1.1 Values of $, , and S,
1 0 0
uj pt + It -8p/ax; - pgjp(T - TO)
k (P + pG)/-ak G-pc + GB
((CEG -CE 2 pE+Ce3GB)s/k+R
T g/al + p,/,ST
C ( +p) : Sc
where
t is laminar viscosity
SpCI - is turbulent viscosity
G = p ! ( ' + j) is turbulent productionax. ax. ax.
GB -gtji is turbulent production due to buoyancy
Prt ax,
C 3g3 (1 _l/) g2
R = is the source term from renormalization
1+pg3 k
k l1 .~
'=S--, S = ( + a)
E 2 axiax,
CA = 0.0845, C6 =1.42, C 2 =1.68, C63 =1.0 are the model constants
G k= 0.7194, ac = 0.7194, ai = 0.71, a = 0.9, ac =1.0 are Prandtl or Schmidt
numbers
The differences between the standard k- 6 model and the RNG k- E model are:
" The model coefficients assume different values.
* The dissipation rate transport equation includes an additional source term R.
The additional term R improves flow prediction for regions with large strain rates, and
the term is negligible for small strain rates. Therefore, the model can better predict
separate flows, which are commonly present in door airflow.
4.1.2 Wall Functions
Since the RNG k- s model is valid for high Reynolds number turbulent flow, wall
functions are needed for near wall region where flow Reynolds number is low. The
simulations use the following wall functions.
Velocity
1')/ 2 o (U = log( E) (4.1.2.)
P y
where
U = velocity parallel to the wall
-c wall share stress
]c von Karman constant (= 0.41)
y = distance between the first grid node and the wall
E an integration constant (=9.0)
y * = a length scale
Kinetic energy of turbulence
k =(4.1.3)
Dissipation rate of turbulent kinetic energy
(U 3/ 
2 16= (4.1.4)
P y
Temperature
q = hc(Tw -Tair) (4.1.5)
where
q = heat flux
hC =convective heat transfer coefficient
T = wall temperature
Tair air temperature
4.1.3 Numerical technique
The N-S equations are highly non-linear and self-coupled, which are impossible to have
analytical solutions in most real cases. Therefore, in CFD the N-S equations are solved
by discretizing the equations using finite difference or finite element techniques that
eventually lead to solve a set of algebraic equations numerically. The simulations use the
Finite Difference Method (FDM) and SIMPLE algorithm.
After generating a numerical grid on which the discrete algebraic equations are solved
and specifying a set of problem-dependent boundary conditions, the calculation is iterated
until a prescribed convergence criteria is met. The convergence criterion was set such
that the respective sum of the absolute residuals of p, uj, T, c, k, and E must be less than
10-3.
4.2 Validation
The CFD program used in this research is validated by comparing the distributions of
temperature, velocity, and tracer gas concentration between measured data and computed
results for a small office.
4.2.1 Experimental design
The experiment data obtained in the chapter 3 is used to validate the CFD program used
in this research. The measurements were conducted with the small office configurations,
which is shown in Figure 3.3.3. The sizes, locations, heats of the objects, and gas source
value are listed in Table 4.2.1.
Table 4.2.1 Sizes, locations, heats of the objects, and gas source value
Objects
Item size (m) location (m) heat
Length width height x y z
Room 5.16 3.65 2.27 0 0 0 -
Window 3.35 1.16 5.16 0.15 0.94
Diffuserl 0.2 0.2 1.82 1.82 0
Diffuser2 0.2 0.2 3.84 1.82 0
Exhaust 0.45 0.45 2.365 1.61 2.27
Occupant 1 0.4 0.35 1.1 1.98 0.85 0 75
Occupant 2 0.4 0.35 1.1 3.13 2.45 0 75
PC 1 0.4 0.4 0.4 1.98 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.13 3.15 0.75 173.4
Desk 1 2.23 0.75 0.75 0.35 0 0.75
Desk 2 2.23 0.75 0.75 2.93 2.9 0.74
Box 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.03 0.16 2.18 68
Ceiling lamp 2 0.2 1.2 0.15 3.61 0.16 2.18 68
Ceiling lamp 3 0.2 1.2 0.15 1.03 2.29 2.18 68
Ceiling lamp 4 0.2 1.2 0.15 3.61 2.29 2.18 68
Temperature in the climate chamber: 34 ('C)
Tracer gas (SF) Source
Item Height (m) SF6 (ml/min)
Occupant 2 1.1 348
4.2.2 Boundary conditions
The boundary conditions for this research include heat transfer from heated objects and
walls, tracer gas sources, supply airflow, and exhaust airflow.
Walls
The surface temperatures on the ceiling, the floor, the side walls, and the window were
measured in the experiment and are used for the boundary conditions for the walls and
the window.
The important parameter of the boundary conditions of the walls is the hc, the convective
heat transfer coefficient for each wall. The convective heat transfer coefficient is defined
in the Newton's law (4.2.1).
q = hc(Tw -Tair) (4.2.1)
where
q = heat flux due to convection (W/m2
h = convective heat transfer coefficient (W/m2
Tw= wall surface temperature( C)
Tair air temperature ('C)
As in the equation, the coefficient is defined based on the temperature difference between
the wall surface temperature and the air temperature. The air temperature is taken at a
point which is far enough from the wall; generally a distance more than 0.3 m can be
considered enough. For indoor conditions, hc for walls is between 3 ~ 6 W/m 2K5
although it is related to the localized flow.
However, in the CFD program, the heat transfer coefficient which is an input for the
program uses the temperature difference between the wall surface and the first cell from
the wall. Since the grid should be fine near the walls, the distance between the wall and
the first cell is less than 0.3 m in most cases. Therefore, to find appropriate heat transfer
coefficient, it is necessary to check whether the h, for the temperature difference
between the wall surface temperature and the air temperature is between 3 ~ 6 W/m 2K in
the result. It may take some iterations to get the appropriate coefficient input for the
program. The equation (4.2.2) may be used for this procedure.
q = hc (Tw - Tair) = hCFD (Tw - Tfirstcell) (4.2.2)
where
h CFD = convective heat transfer coefficient input in the CFD program
Tfirstce = air temperature at the first cell from the wall
In addition to the procedure above, to get the appropriate values of h CFD' it is necessary
to compare the computed results to the experiment data and to adjust the coefficients if it
is needed. This may also need some iterations
The heat transfer coefficients which were used in the CFD program as input values are
shown in Table 4.2.2.
Table 4.2.2 The heat transfer coefficients which were used in the CFD program
Ceiling Side Wall Floor Window
hCFD 10 20 20 20
Objects
The surface temperatures of the heated objects, such as persons, PCs, and ceiling lamps,
were not measured in the experiment, since it is difficult to measure the surface
temperatures of these objects. The known values are the total heat from the objects.
Therefore, the heat flux values are used for the boundary conditions for the objects.
However, the total heat consists of both the convective heat and the radiative heat. The
radiative heat is considered to be included in the wall temperatures around the objects.
Therefore, in the CFD program, the convective heat flow boundary condition is used for
the heated objects.
Since the total heat consists of both the convective heat and the radiative heat and only
the total heat is known, to specify the convective heat flow boundary condition, it is
necessary to estimate both the convective heat and the radiative heat. Basically, those
heats can be estimated from the following equations.
qconvection = he (Tobject - Tair ) (4.2.3)
g radiation object wall object - T a )A object (.2.4
Q total = qconvection +qradiation (4.2.5)
where
6object = surface emissivity of the heated objects
Ewal = surface emissivity of the surrounding walls
a = Stefan-Boltzmann constant
Tobject = surface temperature of the heated objects
Tair = air temperature around the heated objects
Twanis surface temperature of the surrounding walls
Aobject = surface area of the heated objects
By assuming hc and Tair at first before starting a simulation, Tobject and both q and
qradiation can be calculated from the equations above. After the first simulation with the
calculated the convective heat flow from the objects, it is necessary to compare Tair in the
result to Tair which was assumed before the simulation. If the difference is large, another
calculation with the corrected Tair is necessary in order to get the appropriate Tobject,
qconvection , and gradiation .In addition, it is also necessary to compare the computed results
of the room to the experiment data and to adjust the convective heat flow values from the
objects if it is needed. These procedures may need some iterations, and in this study,
about five iterations were done.
The convective heat is assumed to be uniformly distributed on the entire surface of the
heated objects for most of the objects, although it is questionable whether the uniform
assumption is reasonable. In the case that the certain surfaces are considered to have
more convective heat than the other surfaces based on the real situations, it is possible to
use different values for different surfaces of an object. In this research, the top surface of
the PC is considered to have more convective heat than the side surfaces.
The ratios of convective heat and radiative heat which were used in the CFD program are
shown in Table 4.2.3.
Table 4.2.3 Ratios of convective heat and radiative heat for heated objects
Diffusers (Inlets)
The round floor diffusers used in the experiment discharges a swirl jet. Serbric (2000)
simulated the vortex ceiling diffuser using CFD. In the study, the diffuser was simulated
as the rectangular shape which was divided into sixteen small cells, each having a
different airflow direction which is obtained from the smoke visualization. The
momentum method was used to simulate the diffuser.
Ratio of Ratio of radiation Total heat (W)
convection (%) (%)
Person 80 20 75
PCI 56 44 108.5
PC2 56 44 173.4
Ceiling lamp 60 40 68
In this research, the floor round diffuser is also simulated as the rectangular shape which
is divided into nine small cells, shown in Figure 4.2.1. Each cell except for the center
cell has a different airflow direction. Because the center of the diffuser does not have an
opening, the center cell does not have airflow. The important things to consider for this
kind of diffuser are the airflow direction and velocity from the diffuser.
Figure 4.2.1 Floor diffuser simulation
Both horizontal and vertical airflow directions were obtained from the smoke
visualization. However, it is difficult to find an exact direction or angle, since the they
are not so clear. Therefore, several angles were chosen and simulated. By comparing the
computed results with different angles to the experiment data, the appropriate airflow
angle was determined.
Since the opening shape of the diffuser is complex, even though the opening area and the
total airflow rate from the diffuser are known, it is difficult to find the accurate velocity
from the diffuser openings by calculation. Therefore, directly measured velocities at the
diffuser by the anemometer were used.
The values used in the CFD program is shown in Table 4.2.4.
Table 4.2.4 Values used for the diffuser simulation
Vertical angle air velocity(m/s)
4ach 60 2.0
8ach 45 4.0
Exhaust (Outlets)
Zero pressure and zero gradient for all the flow parameters were used as the boundary
conditions for the exhaust.
Gas source
The tracer-gas source was set as a zero-momentum source. Considering the amount of
total mass is very small and it does not affect the results much, a zero-momentum
assumption is reasonable.
4.2.3 Results
Figure 4.2.2 to 4.2.7 present, respectively, the measured and computed temperature,
velocity, and SF 6 concentration in the small office with an air change rate of 4 and 8 per
hour. The measurements were done at nine different pole locations. Each pole has eight
sensors at different heights to measure temperature, and six sensors at different height to
measure velocity, and SF6 concentration.
Figures 4.2.2 and 4.2.3 present temperature distributions with 4 and 8 air change rate,
respectively. Figure 4.2.2 clearly shows that the floor-supply system created temperature
stratification. The temperature gradient in the lower part of the room is much larger than
that in the upper part, because most heat sources, such as PCs and occupants, are located
in the lower part of the room. In Figure 4.2.3, the temperature gradient in the lower part
of the room is smaller. This is because of the higher supply air velocity from the floor
diffusers makes the conditions more like mixing ventilation rather than displacement
ventilation. The agreement between the computed temperature and measured data are
excellent in both cases.
Figures 4.2.4 and 4.2.5 present velocity distributions with 4 and 8 ach, respectively.
The velocity in the room is generally low in both cases. The velocity is less than 0.2(m/s)
except around the diffusers. The agreements between the computed velocity and
measured data are acceptable in both cases, although the velocity is low in the most part
of the room.
Figures 4.2.6 and 4.2.7 present tracer gas distributions with 4 and 8 ach, respectively.
In both cases, the agreements between the computed tracer-gas concentration and
measured data are not as good as the temperature. There are discrepancies between the
computed concentration profile and measured data. Since the tracer-gas is a point source
and the concentration is very sensitive to the position, it is difficult to get good agreement
between the computed tracer-gas concentration and measured data at every point.
Nevertheless, the accuracy of the computed concentration is acceptable.
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4.3 Conclusions
A CFD program with the RNG k- , model of turbulence has been used to predict the
airflow, air temperature, and tracer gas concentration distributions in a small office. The
CFD program was validated by comparing computed results to the experimental data
obtained in Chapter 3.
The computed air temperature and air velocity agreed well with the measured data.
However, some discrepancies were found between the computed and measured tracer gas
concentration. Despite the discrepancies, the validated CFD program predicts the room
environment well so that it can be used for indoor simulation in a room with floor-supply
displacement ventilation.
5. Performance Evaluation of the Floor- Supply
Displacement Ventilation
This chapter evaluates the performance of the floor-supply displacement system. The
performance of a HVAC system is evaluated based on thermal comfort and indoor air
quality. The CFD program validated in Chapter 4 is used to do the performance
evaluation.
We investigated the impacts of the supply airflow rate (air change rate), supply air
temperature, number of diffusers, diffuser location, exhaust location, occupant location,
and furniture arrangement on the system performance. Then we studied the influence of
different cooling loads on the system design.
5.1 Evaluation criteria
5.1.1 Thermal comfort level
The current study use the following parameters to evaluate the thermal comfort in a room
with the floor-supply displacement ventilation.
e Temperature gradient
e Percentage dissatisfied people due to draft (PD)
e Percentage predicted dissatisfied people (PPD)
The CFD program can calculate the three-dimensional airflow pattern and air velocity, air
temperature, and turbulence distributions. With the distributions of air velocity,
temperature and turbulence, it is easy to calculate the PD and PPD.
The percentage of dissatisfied people due to draft (PD)
Fanger et al. (1989) developed a model to calculate the PD as:
PD = (34 - T)(u - 0.05).6(3.14 +0.37u Tu) [%] (5.1.1)
for PD>l00%, PD=100%
where
T air temperature [ 0C]
u = air velocity [m/s]
Tu = turbulence intensity [-].
We use
Tu=100(2k)05 /u [%] (5.1.2)
where
k = turbulent kinetic energy.
The predicted percentage of dissatisfied people for the thermal comfort (PPD)
The PPD can be calculated via (ISO 1993):
PPD = 100 -95exp(-0.03353PMV 4 - 0.2179PMV 2) [%] (5.1.3)
The predicted mean vote, PMV, in the equation is determined by:
PMV = [0.303exp(-0.036M) + 0.028] L (5.1.4)
where
L = the thermal load on the body.
Temperature gradient
Especially with the floor-supply displacement ventilation, there is a vertical temperature
gradient in the room. According to the ASHRAE standard 55-1992, the temperature
difference between the foot level (0. 1m) and the head level (1.7m) should be less than
3 C.
5.1.2 Indoor air quality
The following parameters will be used to evaluate the indoor air quality in the room with
the floor-supply displacement ventilation system.
" Contaminant concentration distributions
" Mean age of air (MAA)
e Ventilation effectiveness (VE)
The CFD program validated in Chapter 4 can directly calculate these parameters.
Contaminant concentration distributions
In this study, CO2 is used as an indicator for contaminant. The CO 2 concentration at the
supply air is assumed to be 400ppm in the CFD study. The indoor CO 2 sources are from
the occupants. According to the ASHRAE standard 62-1999, the CO 2 concentration
should be less than 1 000ppm in the room.
Mean age of air (MAA)
The mean age of air, z, is defined as the average time for all air particles travel from the
supply diffuser to that point. It can be derived from the measured transient history of the
tracer-gas concentration. Li and Jiang (1996) showed that the mean age of air is
governed by a transport equation:
-(p)+ (pu i )= FTa-' + p (5.1.5)at ax ax ax
With the following as the boundary conditions:
T=0 at the supply diffuser
=0 at the exhaust and walls
ax1
Ventilation effectiveness (VE)
The ventilation effectiveness is defined as:
c e-c
c - (5.1.6)c-c
S
where
fl = ventilation effectiveness [-]
cc = contaminant concentration in the exhaust air [ppm]
cs = contaminant concentration in the supply air [ppm]
c = contaminant concentration in the room air [ppm]
In the condition of complete mixing ventilation, the ventilation effectiveness is 1.
5.2 Non-Load Parameters
This study focuses on the impacts of several parameters for a small office which has a
moderate cooling load. With the validated CFD program, we investigate numerically the
impacts of the following parameters on the indoor air quality and thermal comfort of the
floor-supply displacement ventilation systems:
e Supply airflow rate (Air change rate)
e Supply air temperature
* Number of diffusers
* Partition arrangement
* Distance between the workers
* Furniture arrangement
* Exhaust location and number
* Diffuser location
Table 5.2.1 shows the conditions studied. Case R, the reference case, has a typical small
office configuration. Seven different cases are made from the reference case, and each
case has two variations. The different parameters of each case are marked as bold letters,
and the results of each case are compared to those of the reference case.
Table 5.2.1 Conditions for Non-Load Parameter studies
Conilitions
Room Size: 5.16m x 3.65m x 2.7m(H)
Heat source: ccupant x 2: 75W(total) x 2 (Convection: 60W/80%)
PC x2: 108.5W(total)xl (Convection: 6 1W/56%)
173.4W(total)xl (Convection: 97W156%)
Ceiling Light x 4: 68W(total) x 4 (Conve ction: 41W160%)
Study Case
supplyair #of i occupants Exaust diffuser
ach temperaturre diffusers location location location
CaseR 4 10 far(m) 1 box center regular
Cas-1-1 2 16 2 0 far(3m) 1 box center rgular
Case-1-2 e 22 2 0 far(3m) 1 box c enter regular
................... .... ........ b o................
Case-2-1 4 19 1 0 far(3m) 1 box c enter regula
Case-2-2 4 19 4 0 far(3m) 1 box center regular
Case-3-1 4 19 2 2 far(3m) box enter regular
Ca i ri oC4 19 2 4 far(3m) 1 box enter regular
Cam-41 4 19 2 0 near(lr) v x c enter regular
Cars-42 4 19 2 0 id(2m) 1 box center regular
Case-5-1 4 19 2 0 far(3a) 6 boxes enter regular
Case-5-2 4 19 2 0 far(3m) 6boxes+1table center regular
Cae6i 4 19 2 0 far(3m) 1 box nea~rwindow: regular
Ca2e-6-2 i4 19 2 0 far(3m) 1 box 2 exhausts regular
Case-7-1 j4 19 2 0 far(3ra) 1 box c enter near
Case-7-2 4 19 2 0 +far(3m) 1 box c enter hr
5.2.1 Case R (Rcfcrence Case)
The configuration of Case R is shown in Figure 5.2. 1. The configuration is almost the
same as the case used for validation. In this chapter, this case will be used for the
comparison with all other case studies.
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Figure 5.2.1 Configuration of Case R
With this condition, following values in the room are calculated using CFD:
* Temperature
e Velocity
*PD
* PPD
e CO2 Concentration
* Mean age of air
* Ventilation effectiveness
Since this case will be a reference case, which will be compared to the different condition
cases, two section figures and brief explanation for each parameter are given here. Two
section figures, at Y=1.825m and Y=2.635m, are selected. The section at Y=1.825m is at
the center of the room in Y direction and the section at Y=2.635m is a section where an
occupant is sitting.
Temperature
The temperature distributions at the section of Y=1.825m and Y=2.635m are shown in
Figure 5.2.2. There is a temperature stratification in vertical direction, which indicates
that the floor- supply system provides displacement ventilation. In general, the vertical
temperature gradient depends on the airflow from the floor diffusers and the distribution
of the heat sources in the room. The gradient in the occupied zone is larger than that
above the occupied zone because it is where most of the heat sources are located.
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Therefore, the system should be carefully designed so that the temperature difference
between the ankle level and the head level can be maintained to be less than 3 *C, which
is the ASHRAE standard's criterion.
Y=1.825m Y=2.635m
Figure 5.2.2 Temperature distributions at Y=1.825m and Y=2.635m for Case R
Velocity
The velocity distributions at the section of Y=1.825m and Y=2.635m are shown in Figure
5.2.3. The supply air velocity from a diffuser is about 2m/s in this condition. It can be
seen that supply air velocity is quickly reduced around the diffuser. The area where the
air velocity is more than O.1m/s is only within about 0.5m from the diffuser. Therefore,
the risk of draft due to the high air velocity is considered to be small.
In addition to the area near the diffusers, above the heat sources, such as PCs and
persons, plumes due to the heat from the objects can be seen.
Y=1.825m Y=2.635m
Figure 5.2.3 Velocity distributions at Y=1.825m and Y=2.635m for Case R
PD
The PD distributions at the section of Y=1.825m and Y=2.635m are shown in Figure
5.2.4. PD is generally less than 10% in the room. Only around diffuser is PD more than
10% due to the supply air velocity from the diffusers. The area where PD is more than
10% is similar to the area where air velocity is more than 0.1 m/s.
~~...............
Y=1.825m Y=2.635m
Figure 5.2.4 PD distributions at Y=1.825m and Y=2.635m for Case R
PPD
The PPD distributions at the section of Y=1 .825m and Y=2.635m are shown in Figure
5.2.5. The PPD has a vertical stratification similar to the temperature due to the fact that
PPD is a temperature related value. The PPD is generally less than 12% in the room,
which can be considered to be acceptable comfort level.
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Figure 5.2.5 PPD distributions at Y=1.825m and Y=2.635m for Case R
CO2 Concentration
The CO 2 distributions at the section of Y=1.825m and Y=2.635m are shown in Figure
5.2.6. In this study, CO2 is used as an indicator for contaminants. The CO 2 distributions
also have a vertical stratification in that the CO 2 concentration in the lower zone is lower
than that in the upper zone. The stratification occurs because the fresh air is supplied
directly to the occupied zone from the diffusers on the floor and because the heat from
the heat sources generates thermal plumes which can bring the CO2 to the upper zone.
The average CO2 concentrations at the height of 0. 1m, 1. 1m, and 1.7m are approximately
520ppm, 590ppm, and 620ppm,respectivly. Therefore, the floor-supply ventilation
systems can provide better indoor air quality than mixing ventilation systems.
Y=1.825m Y=2.635m
Figure 5.2.6 CO 2 distributions at Y=1.825m and Y=2.635m for Case R
Mean age of air
The mean age of air distributions at the section of Y=1.825m and Y=2.635m are shown
in Figure 5.2.7. The mean age of the air in the lower part of the room is much younger
than that in the upper part of the room. The averaged mean age of air at the height of
0.lm, 1.1m, and 1.7m are approximately 575sec, 810sec, and 845sec, respectively. For
complete mixing ventilation, the mean age of air in the room is about 900-1 000sec. The
floor-supply ventilation systems thus provide better indoor air quality to the occupied
zone than mixing ventilation systems.
Y=1.825m Y=2.635m
Figure 5.2.7 Mean age of air distributions at Y=1.825m and Y=2.635m for Case R
Ventilation Effectiveness
The Ventilation Effectiveness distributions at the section of Y=1.825m and Y=2.635m
are shown in Figure 5.2.8. The occupied zone in the room has higher ventilation
effectiveness than that of the complete mixing system, which has a value of 1.0.
Y=1.825m Y=2.635m
Figure 5.2.8 Ventilation Effectiveness distributions at the section of
Y=1.825m and Y=2.635m
5.2.2 Case 1
Changed Parameter: air change rates, supply temperature
An air change rate is one of the most important parameters for indoor environments. In
general, higher air change rates can obtain better indoor environments. However, higher
air change rate consume more energy because of increased fan powers and cooling or
heating heat sources. Therefore, if the indoor environment is acceptable, lower air
change rates would be better in terms of a lower energy consumption.
The supply air temperature is usually determined from the cooling load and the air
change rate. Case l-1 has lower air change rate (2 ach) and lower supply air temperature
(16 *C) than that of Case R. Case 1 -2 has higher air change rate(8 ach) and higher supply
air temperature(22*C) than that of Case R. The rest is the same as Case R.
Thermal Comfort
The temperature distributions at the section of Y=2.635m in Casel-1, Case R, and Casel-
2 are shown in Figure 5.2.9. The temperature difference between the foot level and the
head level of the reference case and Casel-1 is around 3.0*C, which is almost maximum
of the acceptable range. On the other hand, in Case 1-2, the temperature is almost
uniform in the occupied zone and the temperature difference is about 1* C. This
indicates that with 8ach, because of the high airflow rate and the supply air velocity
(about 2.4m/s), the ventilation is a mixing ventilation rather than a displacement
ventilation.
Case R (4ach)
Case 1-2 (8ach)
Figure 5.2.9 Temperature distributions at the section of Y=2.635m
In Case 1-2, the area where PD is more than 10% is much larger than the other two cases,
due to the higher air velocity from the diffusers. The PD distributions at the section of
Y=1.825m in Casel-1, Case R, and Casel-2 are shown in Figure 5.2.10. Except for the
area around diffusers, PD is less than 10%. The area where PD is more than 10% in Case
1-2 is about 1.5m wide and 2m high. If an occupant stays within this area, the occupant
would feel a draft. Therefore, with 8ach, occupants have to avoid sitting within 1.5m
from diffusers.
Case 1-1 (2ach) Case R (4ach)
Case 1-2 (8ach)
Figure 5.2.10 PD distributions at the section of Y=1.825m
Indoor Air quality
The mean age of air distributions at the section of Y=2.635m in Case 1-1, Case R, and
Case 1-2 are shown in Figure 5.2.11. It is obvious that the MAA corresponds to the ach,
higher ach, the younger the age of air. The averaged mean ages of air at Z= 1.1 m in Case
1-1, Case R, and Case 1-2 are approximately 400sec, 800sec, and 1600sec, respectively.
These values are almost proportional to the air change rates.
Similar to the mean age of air, both the CO2 Concentration and the ventilation
effectiveness correspond to the ach. The higher ach, the lower the CO2 Concentration.
and the higher the VE.
Case 1-1 Case R
Case 1-2
Figure 5.2.11 Mean age of air distributions at the section of Y=2.635m
5.2.3 Case 2
Changed Parameters: Number of diffusers (Airflow rate or Supply air velocity from each
diffuser)
The number of diffuser is considered to be an interesting parameter. More diffusers can
obtain a more uniform indoor environment, especially horizontally. However, the air
change rate is generally determined from the supply air temperature needed to counteract
the cooling load. Therefore, the total air change rate is fixed (4 ach) and only the number
of diffusers is changed. This means that the airflow rates, or supply air velocity from
each diffuser are different in the three cases. The configurations of the Case2-1 and Case
2-2 are shown in Figure 5.2.12 and 5.2.13, respectively. Case 2-1 has one diffuser, Case
R has two diffusers, and Case 2-2 has four diffusers. The supply air velocity from each
diffuser is 2.4m/s in Case 2-1, 1.2m/s in Case R, and 0.6m/s in Case 2-2.
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Figure5.2.12 Configuration of case 2-1
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Figure5.2.13 Configuration of case 2-2
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Thermal Comfort
The temperature distributions at the section of Y=2.635m in Case2-1, Case R, and Case2-
2 are shown in Figure 5.2.14. In Table 5.2.2, the averaged temperature at the height of
0. 1m (ankle level), 1. 1m (sitting head level ), and 1.7m (standing head level), and the
temperature differences between 0.1 m and 1.7m (DT 1), 0.1 m and 1.1 m (DT2) are shown.
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Figure 5.2.14 Temperature
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distributions at the section of Y=2.635m
Table 5.2.2 Averaged temperatures at 0.1m, 1.1m, and 1.7m high
Height TEM DT1 DT2
(M) (OC) (1.7m-0.1m) (1.1m-0.1m)
0.1 24.6
Reference Case 1.1 26.8 3.1 2.2
1.7 27.7
0.1 24.8
Case 2-1 1.1 26.8 2.9 2.0
1.7 27.7
0.1 24.5
Case 2-2 1.1 27.3 3.5 2.8
1.7 28.0
In Case2-2, the temperature gradient is larger than the other two cases, while Case R and
Case2-1 have almost same temperature gradient. Also, DT1 and DT2 in Case2-2 are
about 20-40% larger than those in Case R and Case2-1. DT1 in Case2-2 is 3.5*C, which
is larger than the acceptable value. The lower supply air velocity (less than 1.0m/s in this
study) generates a greater temperature gradient in the vertical direction, even though total
airflow rate to the room is same. Therefore, the air velocity should not be too low in
order to avoid the unacceptable temperature gradient. However, the temperature gradient
also depends on the heat sources in the room and the acceptable lowest velocity depends
on the internal heat condition.
Indoor Air Quality
In Table 5.2.3, the averaged mean ages of air at the height of 0.1m, 1.1m, and 1.7m are
shown.
Table 5.2.3 Averaged age of air at 0.1m, 1.1m, and 1.7m high
Height MAA
(m) (sec)
0.1 576.3
Reference Case 1.1 810.5
(2 diffusers) 1.7 846.6
0.1 659.9
Case 2-1 1.1 852.4
(1 diffuser) 1.7 880.5
0.1 513.1
Case 2-2 1.1 866.4
(4 diffusers) 1.7 901.4
The age of air at 1.1m and 1.7m high in Case2-2 is older than those in other two cases,
which is attributable to a low supply air velocity. With low supply air velocity, the air
spends more time to traveling from the diffusers to the outlet than that with high velocity.
On the other hand, in the horizontal direction, less number of diffusers are worse because
it is difficult to cover the entire room. Both vertical and horizontal directions must be
considered to obtain the best balance of the number of diffusers and supply air velocity
for the best indoor air quality. In this case, Case R is the best one and it has the youngest
average mean age of air at 1.1m in all three cases.
5.2.4 Case 3
changed Parameter: Partitions
In most offices, partitions are used, which might be a problem to floor-supply systems,
because they would be obstacles for air movement in the occupied zone. Therefore, the
parameter changed in Case 3 is the number of partitions and the influence of partitions is
studied to see how they affect the indoor environment with a floor-supply system. The
configurations of Case3-1 and Case 3-2 are shown in Figure 5.2.15 and 5.2.16,
respectively. All other parameters are the same in these cases. In both Case 3-1 and
Case 3-2, the floor diffusers are installed within the partition area and there is no heat
sources in the hallway except for ceiling lamps.
Figure 5.2.15 Configuration of Case 3-1
Figure 5.2.16 Configuration of Case 3-2
Thermal Comfort
The temperature distributions at the section of Y=2.635m in Case R and Case 3-1 are
shown in Figure 5.2.17. The distributions are almost same and it is same in Case 3-2.
Similarly, PD and PPD distributions are almost same in the three cases. This is because
all the heat sources except for the ceiling lamps are within the partition are and the
diffusers are also installed within the partition area. For example, if there are heat
sources in the hallway, another floor diffuser would be necessary to account for the
additional cooling load. The partitions did not appreciably affect the thermal comfort in
the room in this case.
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Figure 5.2.17 Temperature distributions at the section Y=2.635m
Indoor Air Quality
The averaged CO 2 concentrations and ages of air at the height of 0.1m, 1.1m, and 1.7m
are shown in Table 5.2.4.
Table 5.2.4 Averaged CO 2 concentrations and ages of air at 0. 1m, 1 m, and 1.7m high.
Height C MAA
(M) (PPM) (sec)
0.1 520.2 576.3
Reference Case 1.1 589.0 810.5
1.7 622.8 846.6
0.1 524.5 555.7
Case 3-1 1.1 589.7 773.8
1.7 620.6 807.1
0.1 526.7 515.8
Case 3-2 1.1 589.3 700.1
1.7 614.3 765.8
In all three cases, the CO 2 concentration is around 600ppm in the occupied zone.
However, in Case 3-2, the average CO 2 concentration at 1.7m is smaller than other two
cases. This is because the CO 2 sources are at the persons' heads, which are 1. 1m high,
and the partitions prevent CO 2 from the persons' heads from diffusing to the entire room
and CO2 stratification causes to use upward by the airflow from the floor to the ceiling.
The average age of air is the youngest in Case 3-2, and oldest in Case R. This is also
because the supply air from the diffuses does not diffuse too far horizontally because of
the partitions, but goes upward faster and reaches to the exhaust than in the case without
partitions. Therefore, the age of air is younger with partitions than without.
If the floor diffusers are installed appropriately inside the partition area, the indoor air
quality could be better than that without partitions.
5.2.5 Case 4
Changed Parameter: Occupants' location
For some reasons, the occupants' location in the room often changes without changing
the location of floor diffusers. The configurations of the Case 4-1 and Case 4-2 are
shown in Figure 5.2.18 and 5.2.19, respectively. In case 4-1, two occupants sit near each
other and the distance between two occupants is about Im. The distance between two
occupants is about 2m in Case 3-2, about 3m in Case R. All other parameters are the
same in these cases.
Figure 5.2.18 Configuration of Case 4-1
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Figure 5.2.19 Configuration of Case 4-1
Thermal Comfort and Indoor Air Quality
The temperature distributions at the section of Y=2.635m in Case R, Case 4-1, and Case
4-2 are shown in Figure 5.2.20. The distributions are almost same in all the three cases
and no large difference can be seen. This indicates that in Case 4-1, one diffuser can
remove the heat from two occupants and two PCs because both desks are near the
window.
In addition to thermal comfort parameters, indoor air quality parameters, such as CO2
concentration, mean age of air, and ventilation effectiveness, have almost same vertical
distributions and averaged values in the three cases.
In this case only two occupants are in the room. If heat source density is much higher in
a certain area in a room and the capacity of diffusers near that area is not enough to
remove the heat, the temperature and contaminant concentration would be than other
areas in the room.
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Figure 5.2.20 Temperature distributions at the section Y=2.635m
5.2.6 Case 5
Changed Parameter: Furniture
Almost all the rooms have some pieces of furniture, sometimes they are near the
occupants. Other times they might be above the floor diffusers. Furniture is considered
to have an influence on indoor air movement. Therefore, in Case 5, the influence of
furniture is studied to see how it affects the indoor environment with a floor-supply
system. The configuration of the Case 5-1 and Case 5-2 are shown in Figure 5.2.21 and
5.2.22, respectively. In Case 5-2, a large table is installed above the floor diffusers at a
height of 0.75m. All other parameters are the same in these cases.
Figure 5.2.21 Configuration of Case 5-1
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Figure 5.2.22 Configuration of Case 5-2
Thermal Comfort
The velocity and temperature distributions at the section of Y=1.825m in Case R and
Case 5-2 are shown in Figure 5.2.23 and Figure 5.2.24, respectively. In Table 5.2.5, the
averaged temperature at the height of 0.1 m, 1.1 m, and 1.7m, and the temperature
differences between 0.1m and 1.7m (DT1), 0.1m and 1.lm (DT2) are shown. In Case 5-
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2, it can be seen that supply air from the diffusers cannot go higher than the table.
Therefore, air temperature under the table is low and temperature above the table is high.
DT1 and DT2 are larger than those in the other two cases and DTl exceeds the
acceptable value. Therefore, if any furniture, such as tables, are installed above the floor
diffusers, those obstacles disturb the airflow from the diffusers and thermal comfort in the
room would be worse.
Except for the table above the floor diffusers, no large influence of the furniture on the
thermal comfort parameters can be found. This is probably because furniture is not
installed close to the diffusers in this case and if furniture does not disturb the airflow
very much.
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Figure 5.2.23 Velocity distributions at Y=1.825m
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Figure 5.2.24 Temperature distributions at Y=1.825m
Table 5.2.5 Averaged temperatures at 0.1m, 1.1m, and 1.7m high
Height
(M)
Reference Case
0.1
1.1
1.7
TEM
(*C)
24.6
26.8
27.7
DT1
(1.7m-0.1m)
3.1
0.1 24.6
Case 5-1 1.1 26.9 3.2
1.7 27.8
Case 5-2
0.1
1.1
24.5
27.1
1.7 27.9
Indoor Air Quality
The averaged CO 2 concentrations and ages of air at the height of 0. 1m, 1. 1m, and 1.7m
are shown in Table 5.2.6. Age of air is younger with furniture than that without furniture.
Because of the volume of many pieces of furniture in Case5-1, 5-2, the actual room
volume is about 10% smaller with furniture than the volume in Case R. Therefore, actual
air change rate is higher and age of air is younger in Case 5-1 and 5-2. Because of the
table, the age of air under the table is young, and that above the table is slightly higher.
As for C0 2, because the sources are at the persons' heads, which are 1. 1m high and
higher than the table, no large influence of the furniture can be seen.
Table 5.2.6 Averaged CO 2 concentrations and ages of air at 0.1m, 1.1m, and 1.7m high
Height C MAA
(M) (PPM) (sec)
0.1 520.2 576.3
Reference Case 1.1 589.0 810.5
1.7 622.8 846.6
0.1 509.9 542.9
Case 5-1 1.1 581.2 740.2
1.7 614.5 -77-8.9
0.1 489.0 470.4
Case 5-2 1.1 581.6 745.5
1.7 612.4 781.6
DT2
(1.Lm-0.1m)
2.2
5.2.7 Case 6
Changed Parameter: Exhaust Location
Exhaust location is considered to have little impact on indoor environment with floor-
supply system because it is usually on the ceiling and far above the occupied zone. The
parameter changed in Case 6 is the exhaust location and its influence is investigated to
see whether or not it actually affects the indoor environment with floor-supply system.
The configurations of Case 6-1 and Case 6-2 are shown in Figure 5.2.25 and 5.2.26,
respectively. In Case 6-1, the exhaust is installed near the window, because the
temperature near the window is high. Placing the exhaust near the window is expected to
remove the warm air more effectively. In Case6-2, the smaller two exhausts are used.
All other parameters are the same in these cases.
Figure 5.2.25 Configuration of Case 6-1
Figure 5.2.26 Configuration of Case 6-2
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The vertical temperature distributions are almost same in three cases and no large
influence of the different exhaust location can be seen, although the exhaust near the
window is expected to remove the warm air effectively in Case 6-1. Because the ceiling
temperature near the window is almost the same as that at the center of the room in this
case due to the small size of the room. The results would be different with a large room.
Indoor Air Quality
The averaged CO 2 concentrations and ages of air at the height of 0.1m, 1.1m, and 1.7m
are shown in Table 5.2.7. The averaged CO 2 concentration at 1.7m is the highest in Case
6-1 among three cases, while it is the lowest in Case 6-2. This is because the exhaust
location in case 6-1 is far from one of two occupants, and CO 2 cannot be removed
effectively. Conversely, in Case 6-2, because each exhaust grill is near each occupant,
CO2 is removed effectively.
Similar to the CO 2 concentration, the averaged mean age of air in Case 6-2 is the oldest
among the three cases, while the averaged value in Case 6-1 is the youngest. Because
only one exhaust grill is located near the window in case 6-1, the travelling path of the air
to the exhaust is longer than that of Case R. On the contrary, in Case 6-2, because there
are two exhaust grills, the travelling path is shorter.
Table 5.2.7 Averaged CO 2 concentrations and ages of air at 0.1m, 1.1m, and 1.7m high
Height C MAA
(m) (PPM) (sec)
0.1 520.2 576.3
Reference Case 1.1 589.0 810.5
1.7 622.8 846.6
0.1 528.9 615.1
Case 6-1 1.1 605.4 875.7
1.7 644.1 936.5
0.1 511.7 546.3
Case 6-2 1.1 579.3 774.6
1.7 614.1 816.6
5.2.8 Case 7
Changed Parameter: Diffusers' location
The parameter changed in Case 7 is the diffusers' location. In Case 7-1, two diffusers are
located near the center of the room and the distance between them is about 1 m. The
radius of the area where air velocity is higher than 0. 1m/s around diffuser is
approximately 0.5m in Case R. Therefore, Im is considered to be the nearest location of
two diffusers without interfering with each other. In Case 7-2, the diffusers are located
far from each other and the distance between them is about 3m. In this case the distance
between the occupant and the diffuser is about 2m, while it is Im in Case R. The
distance between the diffuser and the nearest wall is Im. The configurations of the Case
7-1 and Case 7-2 are shown in Figure 5.2.27 and 5.2.28, respectively. All other
parameters are the same in these cases.
Exhaust
Lamp
PC
Window Sh elf
Person
Diffuser
Figure 5.2.27 Configuration of Case 7-1
Figure 5.2.28 Configuration of Case 7-2
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Thermal Comfort and Indoor Air Quality
The temperature distributions at the section of Y=2.635m in Case R, Case 7-1, and Case
7-2 are shown in Figure 5.2.29. The distributions are almost the same in all three cases.
Similar to the temperature distributions, PD and PPD distributions are almost same in
three cases. This is because the distance between two diffusers and the nearest wall in
Case 7-1 is Im, which is larger than the area where the air velocity is higher than 0.1m/s.
Therefore, there is little interference between the two diffusers and the wall and the
diffuser. If the distance is smaller, there would be some airflow interference and airflow
from the diffusers would be disturbed.
Case R Case 7-1
Figure 5.2.29 Temperature distributions at the section Y=2.635m
In addition, indoor air quality parameters, such as CO 2 concentration, mean age of air,
and ventilation effectiveness, also have almost the same vertical distributions and
averaged values in three cases and no difference can be seen among these cases.
5.3 Load Parameters
This section focuses on high cooling load cases. From the studies in section 5.2, we
found that the air change rate, airflow rate from one diffuser, and supply air temperature
have an large impact on the indoor environment. Therefore, in this study, high cooling
load cases are investigated with those parameters.
Table 5.3.1 shows the conditions studied. All cases have a small office configuration,
and each case has four different air change rate variations. The parameters of each case
are marked as bold letters.
Table 5.3.1 Conditions of Load Parameter studies
Conditions
Room Size: 5.16m x 3.65m x 2.7m(H)
Heat s oux e: 0 ccupant: 7 5W(total) (Convection 6OW/80%)
PC : 173.4W(total) (C onvection 97W/56%)
Printer: 205W(total) (Convection 115W/56%)
Ceiling Lightx 4: 68W(total) x 4 (Convection 41W/60%)
Study Case
coolng load ach t at r of ffier of PC s # of printers
(w/m2) temperaturre occupants
Casell 1 0 8 17 4 4 52
asell 2 80 10 18 4 4 5 1
C ase- 12-3 10 12 19 4 4 61
Case 1241 100 16 16 4 4 6 2
Recently the cooling loads in buildings have been increasing. In a typical high-tech
office building, the cooling load is up to 1 00W/m 2 . Therefore, the cooling load of Case
11 is 80W/m2 and that of Case 12 and 13 is 100W/m2 . Each case has 8, 10, 12, and 16 air
change rates per hour. The supply air temperature in each case is determined in order to
make the room air temperature around 25 *C. All cases have four diffusers and four
occupants in the room, the differences are number of PCs and printers.
5.3.1 Case 11
The configuration of Case 11 is shown in Figure 5.3.1, which is almost the same as the
case used for validation. The air change rates of Case 11-1, 11-2, 11-3, 11-4 are 8, 10,
12, 16, respectively.
Lamp
X Exhaust PC
P C
W ndow
Printer
D iffuser Person
Figure 5.3.1 Configuration of Case 11
Thermal Comfort
The temperature distributions at the section of Y=2.635m in Case11-1, 11-2, 11-3, and
11-4 are shown in Figure 5.3.2. In Table 5.3.2, the averaged temperature, PD and PPD at
the height of 0.1 m (ankle level), 1.1 m (head level at sitting), and 1.7m (head level at
standing), and the temperature differences between 0.1m and 1.7m (DT1), between 0.1m
and 1.1m (DT2) are shown.
NN
Case 111-2
2.. . 2 ~ ~. .2 .....
__ ~ f~>-SCZ
Case 11-3 Case 11-4
Figure 5.3.2 Temperature distributions at the section of Y=2.635m
Table 5.3.2 Averaged temperature, PD, and PPD at 0. 1m, 1. 1m, and 1.7m high
Height TEM DTI DT2 PD PPD
(M) (*C) (1.7m-0.1m) (1.1m-0.1m) (%) (%)
0.1 22.5 9.2 6.2
Case 11-1 1.1 25.5 5.1 3.0 0.3 9.0
1.7 27.6 0.4 12.1
0.1 24.4 9.9 6.2
Case 11-2 1.1 25.6 3.2 1.2 4.1 6.7
1.7 27.5 0.7 10.4
0.1 24.9 8.6 6.5
Case 11-3 1.1 25.2 1.4 0.3 8.3 6.4
1.7 26.3 4.1 8.0
0.1 25.4 9.4 7.1
Case 11-4 1.1 25.6 0.7 0.2 9.2 6.6
1.7 26.1 6.7 7.0
It is obvious that a higher air change rate has a smaller temperature gradient in the
occupied zone. The temperature difference between the foot and the head level (DT1) is
the smallest in Casel 1-4. In Casel 1-2, DT1 is about 3.0 'C, which is almost maximum
of the acceptable range, and in Case 1 l-1, DT1 is about 5 *C, which is beyond the
acceptable range. Therefore, for the temperature gradients, higher air change rates are
better and 8ach (Case l1 -1) is not acceptable in this case.
The PD distributions at the section of Y=2.635m in four cases are shown in Figure 5.3.3.
Contrary to temperature gradients, a higher air change rate has a higher PD due to the
high air velocity from the diffusers. In Case 11-3 and Case 11-4, averaged PD at 1.1 m is
near 10%, while in Casel 1-1 and Casel 1-2, it is less than 5%. Therefore, as for PD, too
high an air change rate must be avoided.
From above results, temperature gradients and PD are opposed to each other. In addition,
higher air change rates need more energy than lower air change rates. Therefore, if both
the temperature gradient and PD are acceptable, the lower air change rate would be better
in terms of energy consumption. For example, Casel 1-2 would be the best air change
rate among four cases.
Case 11-1
Case 11-4
Figure 5.3.3 PD distributions at the section of Y=2.635m
Indoor Air Quality
Figure 5.3.4 shows the
1.1m in all four cases.
averaged CO2 concentrations and mean ages of air at the height of
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Figure 5.3.4 Averaged CO 2 concentrations and mean ages of air at 1.1m
It is obvious that the mean age of air corresponds to the air change rate. A higher air
change rate has a lower CO 2 concentration and a younger age of air. As for relationship
between the air change rates and ages of air, for example, Case 11-3 has 20% higher ach
than Case 11-2 and the averaged age of air at 1.1 m in Case 11-3 is about 20% lower than
that in Case 11-2, which seems like a reasonable relationship. Therefore, higher air
change rates can obtain a younger age of air, if consume more energy.
5.3.2 Case 12
The configuration of Case 12 is shown in Figure 5.3.5. In this case, cooling load is
100W/m 2 and the room has a PC and printer cluster.
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Figure 5.3.5 Configuration of Case 12
Thermal Comfort and Indoor Air Quality
In this case, the temperature, PD, and PPD distributions have almost same tendency as
that in Case 11-1. However, because of the higher cooling loads, the averaged values are
different. In Table 5.3.3, the averaged temperature, PD, and PPD at the height of 0.1m
(ankle level), 1.1 m (sitting head level), and 1.7m (standing head level), and the
temperature differences between 0.1m and 1.7m (DT1), between 0.1m and 1. 1m (DT2)
are shown.
M
Table 5.3.3 Averaged temperature, PD, and PPD at 0. 1m, 1. 1m, and 1.7m high
Height
(M)
1.1 25.2
1.7 26.2
TEM
(C)
0.1 22.2f
Case 12-1 1.1 26.0 6J
1.7 28.2
Case 12-2
Case 12-3
Case 12-4
0.1
1.1
0.1
1.1
1.7
23.6
25.8
28.0
24.6
25.2
26.7
DTI
(1.7m-0.1 m)
2.1
DT2
(1.1m-O.1m)
3.8
0.2
PD PPD
(%) (%)
10.5 6.6
0.5 9.9
0.5 13.0
12.6 6.4
2.9 7.0
0.7 11.2
9.7 6.4
8.6 6.5
3.2 8.6
9.9 6.9
10.3 6.4
5.6 7.4
The temperature differences between the foot level and the head level (DT 1) are larger
than those in Case 11 because of the higher cooling load. In Case12-1 and 12-2, DT1 is
larger than 3.0 C, which is beyond the acceptable range. Therefore, as for temperature
gradients, 10ach (Case12-2) is not acceptable and 12ach (Case 12-3) is acceptable in this
case (100W/m2).
The PD distributions are almost same as those in Case 11. A higher air change rate has a
higher PD.
Therefore, in this Case (100W/m2), 12ach (Case 12-3) would be the best air change rate
among four different cases and 10ach (Case 12-2) is not acceptable, while it is the best
conditions for Case 11 (80W/m2). Although the room temperature around the room
center is 25-26 C in all four cases, higher cooling loads need higher air change rate in
order to make the temperature gradient acceptable. This indicates that the temperature
gradient largely depends on both the heat sources in the occupied zone and the air change
rate in floor-supply system.
The indoor air quality aspects are almost same as those in Case 11. A higher ach has a
lower CO 2 concentration and a younger age of air.
0.1 25.11
I f j
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5.4 Conclusions
The performance of the floor-supply ventilation system was evaluated by using a
validated CFD program for the indoor environment study. The parameters calculated and
used to evaluate the indoor environment were the distributions of air temperature
distribution, air velocity, percentage of dissatisfied people due to draft (PD), predicted
percentage dissatisfied people for thermal comfort (PPD), contaminant concentration,
mean age of air, and ventilation effectiveness.
First, a typical small office room, which has a moderate cooling load (approximately
40W/m2), with floor-supply system was investigated. The indoor environment has a
temperature gradient in the occupied zone, which can create comfort problems due to the
temperature difference between the ankle level and the head level. Higher air velocity
and higher PD around diffusers could also be a problem, especially with high air change
rates. As for indoor air quality aspects, the floor-supply ventilation system provides
better indoor air quality to the occupied zone than mixing ventilation systems.
Then, the impacts of the non-load parameters, such as the supply airflow rate (air change
rate), supply air temperature, number of diffusers, diffuser location, exhaust location,
occupants location, and furniture arrangement, on the indoor environment were
investigated in the same small office room configuration with a moderate cooling load.
Higher air change rates are better for reducing the temperature gradient. However, higher
air change rates are worse for the draft related aspects because of the higher supply air
velocity. The highest air change rate has better indoor air quality. In addition to the
quality of the indoor environment, energy consumption should be considered because
higher air change rate consumes more energy.
The number of diffusers and the supply air velocity are related to each other, since the
total air flow rate is determined from the cooling load or heating load and the required
amount of fresh air. Therefore, if more diffusers are used, the air flow rate per diffuser
and supply air velocity would be smaller; if less diffusers are used, the air flow rate per
diffuser and supply air velocity would be larger.
Neither a low supply air velocity nor a small number of diffusers can obtain good indoor
environment because the large vertical temperature gradient or the old mean age of air
distribution is not acceptable. The important thing to obtain better indoor environment is
to find a good balance between the supply air velocity and the number of diffusers in the
room.
Partitions affect the indoor air quality in the floor-supply system. If the floor diffusers
are installed appropriately inside the partition area, where the heat and contaminant
sources are, the room environment would be better than that without partitions.
However, if the floor diffusers are not installed appropriately, the room environment
might be worse.
Exhaust locations have influence on the indoor air quality in the room. If the exhausts
are installed near the contaminant sources, contaminant is removed fast and the indoor air
quality would be better.
Diffuser locations do not affect indoor environment so much, as long as the distance
between diffusers or between the diffuser and the other object is not less than about one
m to avoid interference.
Persons' locations do not affect indoor environment so much as long as the heat source
density is not more than the capacity of the diffusers near that area. If heat source density
is much higher in a certain area in a room and the capacity of diffusers near that area is
not enough to remove the heat, the temperature and contaminant concentration would be
higher than other areas in the room.
Furniture itself does not affect the indoor environment of the room unless it disturbs the
airflow from floor diffusers. If any furniture, such as a table, is installed above the floor
diffusers, it disturbs the airflow from the diffusers and thermal comfort in the room
would be worse.
From these results of the non-load parameter study, the impact of the parameters can be
ranked as follows:
Large impact : air change rate, supply air velocity, supply air temperature,
number of diffusers,
Medium impact : partition location, exhaust location
Small impact : diffuser location, occupant location, furniture arrangement
The diffuser location, occupant location, and furniture arrangement were investigated in
only typical cases. In some extreme cases, the impact of those parameters would be
larger.
Then, higher cooling load cases (more than 80W/m2) were investigated.
In high cooling load cases, temperature gradients are large and attention should be paid in
order to make gradients less than 3 'C. In principle, higher cooling loads need higher air
change rates in order to make the temperature gradient acceptable. This is because the
temperature gradient largely depends on both the heat sources in the occupied zone and
the air change rate with floor-supply system. For example, with 1 00W/m , 12 ach would
be the best air change rate and 10 ach is not acceptable, while 10 ach is the best one with
80W/m 2 , although the room temperature around the room center is 25-26 C in all cases.
However, on the contrary, higher air change rates create higher PD distributions due to a
high supply air velocity. Therefore, neither too low nor too high an air change rate is
appropriate because of the temperature gradient and PD distribution. Appropriate air
change rates should have both acceptable temperature gradients and PD distributions. As
a result, in high cooling load conditions, much more attention must be paid to determine
the appropriate air change rate with respect to the temperature gradients and PD
distributions.
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The indoor air quality and energy consumption are opposed each other. It may depend on
the design concept of which air change rates are appropriate.
The case studies examined here are only some typical ones. In practice, more specific
case studies based on each building design would be required.
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6. Conclusions
The objective of this research was to improve the disadvantages of the current system,
and to develop a new design for the floor-supply displacement ventilation system with
floor diffusers.
The major conclusions from this study are summarized as follows.
Literature Review
From the literature review, we found that the main problems which current systems have
were the risk of cold drafts due to the supply air velocity temperature, the risk of cross
infection, and impossibility to remove high cooling loads. Parameters that have impacts
on indoor environments seemed to be the air change rate, supply airflow rate, supply air
velocity, supply air temperature, location of diffusers and exhausts, and furniture
configuration.
Based on those findings, the research was conducted in order to improve the
disadvantages of the current systems. First we carried out experimental test to obtain a
reliable data on the floor-supply ventilation system. Then, a CFD program was validated
with these data. By using the validated program, we conducted numerical simulations of
several different cases of the floor-supply ventilation system.
Experimental Study
The experiment of the floor-supply displacement ventilation system was conducted at
MIT experimental facility. The measuring equipment, such as the anemometer system,
the thermocouple system, and the gas-analyzer system were calibrated before the
experiment before doing the measurements to obtain accurate and reliable experiment
data. Since the experimental data are used only for the CFD validation, the
measurements were conducted only for two typical cases. Even in two cases of the
experiment, it was found that air change rates have large impact on the indoor
environment. With the low air change rate (4 ach), displace ventilation was observed,
while with high air change rate (8 ach), a mixing ventilation phenomenon was observed.
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Validation of CFD program
A CFD program with the RNG k- F model of turbulence was used to predict the airflow,
air temperature, and tracer gas concentration distributions in a small office. The CFD
program was validated by comparing computed results to the experimental data. The
computed air temperature and air velocity agreed well with the measured data. However,
some discrepancies were found between the computed and measured tracer gas
concentration. Despite the discrepancies, the validated CFD program predicted the room
environment well so that it can be used for indoor simulation in a room with floor-supply
displacement ventilation.
Performance Evaluation of the Floor-Supply Displacement Ventilation
By using the validated CFD program, the performance of the floor-supply ventilation
system was evaluated. The evaluation parameters used were the temperature gradient, air
temperature distribution, air velocity distribution, PD, PPD, contaminant concentration,
mean age of air, and ventilation effectiveness. First, for the typical small office room,
which has a moderate cooling load (approximately 40W/m2), with floor-supply system,
the impacts of the non-load parameters were studied. The parameters were the supply
airflow rate (air change rate), supply air temperature, number of diffusers, diffuser
location, exhaust location, occupants location, and furniture arrangement. Then, higher
cooling load cases (more than 80W/M2) were investigated.
From these results of the non-load parameter study, the impact of the parameters can be
ranked as follows:
" Large impact : air change rate, supply air velocity, supply air temperature,
number of diffusers,
" Medium impact : partition location, exhaust location
" Small impact : diffuser location, occupant location, furniture arrangement
The diffuser location, occupant location, and furniture arrangement were investigated in
only typical cases. In some extreme cases, the impact of those parameters would be
larger.
Higher cooling loads need higher air change rates in order to make the temperature
gradient in the occupied zone acceptable. However, on the contrary, higher air change
rates create higher PD distributions due to a high supply air velocity. Therefore, neither
too low nor too high an air change rate is appropriate because of the temperature gradient
and PD distribution. Appropriate air change rates should have both acceptable
temperature gradients and PD distributions. As a result, in high cooling load conditions,
much more attention must be paid to determine the appropriate air change rate with
respect to the temperature gradients and PD distributions.
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Appendix A: Calibration Data (Velocity)
The calibration equation used for velocity is:
V = (bo + bUy2 + b2U 4 + b3 Uy + b4 Uy )2 (equation 1)
where
V : Velocity (m/s)
Uv Voltage output (V)
bo, bi, b2, b3, b4 : Coefficients
1 2 3 4
U*U 1.96 2.05 2.09 2.55
sqrtV 0.44 0.46 0.46 0.52
Coefficients
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TableA.2 Calibration data and Coefficients for the equation (A5-A10)
A-26.3.005
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.89 1.98 2.31 2.69 3.51 3.85 4.21 4.98 5.68 6.98 9.01 10.58
sqrtV 0.45 0.46 0.50 0.55 0.65 0.69 0.73 0.81 0.90 1.02 1.21 1.34
Coefficients
bO bI b2 b3 b4
1.87E-01 1.49E-01 -5.61E-03 2.29E-04 -7.03E-06
A-26.3.006
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.97 2.32 3.01 3.56 3.98 4.59 4.69 5.22 6.56 8.57 9.95 10.70
sqrtV 0.46 0.51 0.58 0.65 0.68 0.75 0.76 0.81 0.95 1.15 1.29 1.36
Coefficients
bO bI b2 b3 b4
2.03E-01 1.41E-0 1 -6.98E-03 4.85E-04 -1.09E-05
A-26.3.007
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.81 1.99 2.02 2.35 2.99 3.58 5.01 6.21 6.58 7.98 8.99 10.45
sqrtV 0.45 0.47 0.49 0.52 0.60 0.67 0.83 0.97 1.00 1.14 1.25 1.39
Coefficients
bO bI b2 b3 b4
2.05E-0 1 1.41 E-0 1 -3.23E-03 2.01E-05 1.82E-06
A-26.3.008
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.77 1.98 2.03 2.56 3.21 4.03 5.23 6.33 7.58 8.02 9.56 11.65
sqrtV 0.46 0.49 0.51 0.58 0.67 0.76 0.91 1.04 1.16 1.21 1.33 1.52
Coefficients
bO bI b2 b3 b4
2.01E-01 1.59E-01 -4.51E-03 2.21E-05 2.2 1E-06
A-26.3.009
1 2 3 4 5 6 7 8 9 10 11 12
U*U 2.01 2.23 2.56 2.99 3.02 3.59 5.01 6.23 7.25 8.33 9.92 10.85
sqrtV 0.46 0.49 0.54 0.60 0.60 0.67 0.85 1.00 1.11 1.22 1.38 1.49
Coefficients
bO bI b2 b3 b4
1.69E-01 1.51E-01 -2.71E-03 -5.02E-05 3.05E-06
A-26.3.010
1 2 3 4 5 6 7 8 9 10 11 12
U*U 2.15 2.56 3.23 3.51 3.98 4.05 4.58 5.06 6.25 7.58 8.02 10.50
sqrtV 0.48 0.55 0.63 0.67 0.73 0.74 0.80 0.86 1.00 1.14 1.19 1.44
Coefficients
bO bI b2 b3 b4
1.75E-01 1.50E-01 -2.73E-03 -6.22E-05 4.98E-06
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TableA.3 Calibration data and Coefficients for the equation (A 1-A17)
A-26.3.011
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.98 2.31 2.56 2.89 3.02 3.55 3.89 4.56 6.02 7.81 9.52 11.45
sqrtV 0.45 0.48 0.51 0.56 0.58 0.64 0.69 0.76 0.93 1.12 1.29 1.49
Coefficients
bO bI b2 b3 b4
1.79E-01 1.42E-01 -3.02E-03 2.46E-05 1.55E-06
A-26.3.013
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.79 2.33 2.68 3.02 3.33 4.56 5.22 6.36 8.02 8.69 9.89 11.04
sqrtV 0.49 0.58 0.63 0.68 0.72 0.87 0.96 1.07 1.22 1.27 1.35 1.43
Coefficients
bO bI b2 b3 b4
2.01E-01 1.78E-01 -7.02E-03 9.58E-05 -1.84E-06
A-26.3.014
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.99 2.56 2.98 3.98 4.56 5.23 5.68 6.21 7.89 8.45 10.11 11.43
sqrtV 0.50 0.57 0.63 0.75 0.83 0.89 0.94 0.98 1.14 1.19 1.32 1.41
Coefficients
bO bI b2 b3 b4
1.92E-01 1.68E-01 -8.01E-03 3.02E-04 -6.38E-06
A-26.3.015
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.75 2.33 2.88 4.02 4.59 5.35 5.98 7.01 7.98 9.02 9.98 10.87
sqrtV 0.42 0.53 0.60 0.75 0.82 0.91 0.97 1.09 1.19 1.29 1.37 1.45
Coefficients
bo bl b2 b3 b4
1.80E-01 1.59E-01 -4.89E-03 1.58E-04 -6.55E-06
A-26.3.016
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.88 2.98 2.39 2.87 4.24 5.21 6.35 7.11 8.49 9.58 10.21 11.23
sqrtV 0.48 0.45 0.69 0.56 0.72 0.83 0.96 1.04 1.17 1.28 1.34 1.43
Coefficients
bO bI b2 b3 b4
1.77E-01 1.45E-01 -4.59E-03 1.98E-04 -4.58E-06
A-26.3.017
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.88 2.35 3.5 3.98 4.25 4.69 6.02 7.23 8.25 9.26 10.54 11.61
sqrtV 0.48 0.53 0.69 0.74 0.77 0.83 0.97 1.10 1.19 1.28 1.39 1.45
Coefficients
b0 blI b2 b3 b4
1.79E-01 1.65E-01 -7.0 1E-03 2.98E-04 -7.82E-06
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TableA.4 Calibration data and Coefficients for the equation (Al 8-A24)
A-26.3.018
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.77 1.99 2.99 3.06 4.02 4.65 6.23 7.58 8.99 9.56 10.20 11.31
sqrtV 0.43 0.47 0.58 0.60 0.71 0.78 0.95 1.09 1.24 1.28 1.36 1.46
Coefficients
bo bI b2 b3 b4
1.82E-01 1.45E-01 -4.01E-03 9.80E-05 4.23E-07
A-26.3.019
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.89 2.36 2.89 2.99 3.56 4.21 5.62 5.98 7.05 8.58 9.87 10.93
sqrtV 0.47 0.52 0.58 0.60 0.67 0.74 0.90 0.93 1.03 1.20 1.33 1.43
Coefficients
bO bi b2 b3 b4
1.81E-01 1.56E-0 1 -6.33E-03 1.98E-04 3.22E-06
A-26.3.021
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.75 2.21 2.56 3.25 3.88 4.57 4.98 5.68 7.58 8.99 10.11 11.54
sqrtV 0.43 0.50 0.54 0.63 0.71 0.79 0.85 0.91 1.10 1.23 1.33 1.47
Coefficients
bO bI b2 b3 b4
1.69E-01 1.61E-01 -6.21E-03 1.69E-04 -3.87E-07
A-26.3.022
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.88 2.09 3.12 3.56 3.99 4.56 5.68 6.89 8.02 8.99 9.89 11.33
sqrtV 0.46 0.48 0.62 0.68 0.73 0.79 0.92 1.05 1.16 1.26 1.34 1.46
Coefficients
b0 hi b2 b3 b4
1.84E-01 1.52E-01 -4.51E-03 1.02E-04 -5.88E-07
A-26.3.023
1 2 3 4 5 6 7 8 9 10 11 12
U*U 2.01 2.66 3.11 3.58 4.21 4.88 5.55 6.25 8.03 9.02 9.89 11.22
sqrtV 0.45 0.55 0.61 0.66 0.74 0.82 0.89 0.97 1.15 1.25 1.34 1.48
Coefficients
bO bI b2 b3 b4
1.76E-01 1.55E-01 -6.21E-03 3.01E-04 -5.57E-06
A-26.3.024
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.78 1.99 2.35 2.69 3.22 3.69 4.58 5.23 6.99 8.89 10.84 11.36
sqrtV 0.42 0.46 0.51 0.55 0.62 0.67 0.78 0.84 1.02 1.22 1.40 1.47
Coefficients
bO bi b2 b3 b4
1.76E-01 1.55E-01 -6.99E-03 3.59E-04 -6.58E-06
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TableA.5 Calibration data and Coefficients for the equation (A25-A30)
A-26.3.025
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.99 2.32 2.69 3.56 4.22 4.69 5.68 6.22 7.23 8.54 10.59 11.21
sqrtV 0.47 0.49 0.54 0.65 0.73 0.78 0.90 0.96 1.06 1.20 1.42 1.46
Coefficients
bO bl b2 b3 b4
1.79E-01 1.42E-01 -2.85E-03 2.01E-06 2.54E-06
A-26.3.026
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.86 2.01 2.33 2.98 3.56 5.01 5.68 6.55 7.24 8.25 10.23 10.87
sqrtV 0.43 0.46 0.49 0.58 0.65 0.82 0.89 0.99 1.07 1.18 1.41 1.50
Coefficients
bO bI b2 b3 b4
1.75E-01 1.49E-0 1 -6.00E-03 4.02E-04 -8.12E-06
A-26.3.027
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.79 2.22 2.89 3.56 4.23 4.99 5.63 6.22 7.58 9.66 11.02 11.56
sqrtV 0.44 0.51 0.59 0.67 0.75 0.83 0.90 0.97 1.10 1.29 1.43 1.48
Coefficients
bO bI b2 b3 b4
1.77E-01 1.59E-01 -6.87E-03 3.20E-04 -6.65E-06
A-26.3.028
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.88 2.35 2.98 3.56 3.98 4.42 5.56 6.23 8.69 9.55 10.10 11.15
sqrtV 0.43 0.50 0.59 0.66 0.71 0.76 0.88 0.95 1.19 1.26 1.33 1.41
Coefficients
bO bI b2 b3 b4
1.63E-01 1.59E-01 -6.52E-03 2.41E-04 -2.98E-06
A-26.3.029
1 2 3 4 5 6 7 8 9 10 11 12
UIU 1.99 2.21 2.59 3.33 3.58 4.22 4.65 6.11 7.25 8.59 9.69 11.21
sqrtV 0.46 0.48 0.53 0.63 0.66 0.74 0.80 0.94 1.07 1.20 1.30 1.44
Coefficients
bO bI b2 b3 b4
1.73E-01 1.57E-01 -6.99E-03 3.81E-04 -9.51E-06
A-26.3.030
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.75 2.14 2.36 2.99 3.51 4.22 5.21 6.66 7.11 8.69 10.59 11.64
sqrtV 0.41 0.47 0.50 0.58 0.64 0.72 0.84 0.99 1.03 1.20 1.38 1.48
Coefficients
b0 blI b2 b3 b4
1.83-E-01 -1.43E-01I -4.23E-03 1.76E-04 -4.02E-06
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TableA.6 Calibration data and Coefficients for the equation (A3 1 -A32)
A-26.3.031
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.88 1.99 2.11 2.69 3.56 4.52 5.11 6.23 7.25 9.02 10.52 11.21
sqrtV 0.43 0.47 0.48 0.56 0.67 0.79 0.85 0.98 1.09 1.27 1.41 1.47
Coefficients
bO bi b2 b3 b4
1.76E-01 1.58E-01 -6.10E-03 2.78E-04 -6.58E-06
A-26.3.032
1 2 3 4 5 6 7 8 9 10 11 12
U*U 1.98 2.22 2.69 3.21 3.58 4.52 6.01 6.89 7.58 8.88 10.11 11.50
sqrtV 0.46 0.48 0.56 0.62 0.67 0.78 0.94 1.04 1.11 1.24 1.35 1.46
Coefficients
bO bI b2 b3 b4
1.70E-01 1.60E-01 -7.11E-03 3.73E-04 -8.92E-06
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Appendix B: Calibration Data (Temperature)
The calibration equation used for temperature is:
T = a x Tm + b (equation 2)
where
T
Tm
a, b
Temperature (*C)
Temperature output from thermocouples anemometers (*C)
Coefficients
TableB. 1 Calibration data and Coefficients for the equation (Thermocouple T101-T125)
Output Temperature Coefficient (T=a*Toutput+b)
17.6 21.2 25.0 28.1 a b
T-1-1 17.6 21.2 25.1 28.1 1.00 0.05
T-1-2 17.6 21.2 25.1 28.2 0.99 0.21
T-1-3 17.6 21.2 25.0 28.2 0.99 0.16
T-1-4 17.6 21.2 25.1 28.2 0.99 0.21
T-1-5 17.6 21.2 25.1 28.1 1.00 0.05
T-1-6 17.6 21.2 25.0 28.1 1.00 0.00
T-1-7 17.6 21.2 25.1 28.2 0.99 0.21
T-1-8 17.6 21.2 25.0 28.1 1.00 0.00
T-1-9 17.6 21.2 25.0 28.1 1.00 0.00
T-1-10 17.6 21.2 25.0 28.1 1.00 0.00
T-1-11 17.6 21.2 25.1 28.1 1.00 0.05
T-1-12 17.6 21.2 25.0 28.1 1.00 0.00
T-1-13 17.6 21.2 25.0 28.1 1.00 0.00
T-1-14 17.6 21.2 25.0 28.1 1.00 0.00
T-1-15 17.6 21.2 25.1 28.2 0.99 0.21
T-1-16 17.6 21.2 25.0 28.1 1.00 0.00
T-1-17 17.7 21.2 25.1 28.2 1.00 -0.01
T-1-18 17.6 21.2 25.1 28.2 0.99 0.21
T-1-19 17.6 21.2 25.0 28.2 0.99 0.16
T-1-20 17.6 21.2 24.9 28.1 1.00 -0.05
T-1-21 17.6 21.2 24.9 28.1 1.00 -0.05
T-1-22 17.6 21.2 25.0 28.1 1.00 0.00
T-1-23 17.6 21.2 25.0 28.2 0.99 0.16
T-1-24 17.6 21.2 25.0 28.1 1.00 0.00
T-1-25 17.6 21.2 25.0 28.1 1.00 0.00
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TableB.2 Calibration data and Coefficients for the equation (Thermocouple T201-T225)
Ouput Temperature Coefficient (T=a*Toutput+b)
17.6 21.2 25.0 28.1 a B
T-2-1 17.6 21.2 25.0| 28.1 1.00 0.00
T-2-2 17.6 21.2 25.0 28.1 1.00 0.00
T-2-3 17.6 21.2 25.0 28.1 1.00 0.00
T-2-4 17.6 21.2 25.1 28.1 1.00 0.01
T-2-5 17.7 21.2 25.1 28.2 1.00 -0.01
T-2-6 17.6 21.2 25.0 28.1 1.00 0.00
T-2-7 17.6 21.2 25.0 28.1 1.00 0.00
T-2-8 17.6 21.2 25.0 28.1 1.00 0.00
T-2-9 17.6 21.2 25.0 28.1 1.00 0.00
T-2-10 17.6 21.2 25.0 28.1 1.00 0.16
T-2-11 17.6 21.2 25.0 28.2 0.99 0.16
T-2-12 17.6 21.2 25.0 28.1 00 0.06
T-2-13 17.6 21.2 25.0 28.1 1.00 0.00
T-2-14 17.6 21.2 25.0 28.1 1.00 0.00
T-2-15 17.6 21.2 25.0 28.1 1.00 0.00
T-2-16 17.6 21.2 25.0 28.1 1.00 0.00
T-2-17 17.6 21.2 25.0 28.1 0.99 0.00
T-2-18 17.6 21.0 25.0 28.1 109 0.19
T-2-19 17.6 21.2 25.0 28.11.0 0.OO
T-2-20 17.5 21.2 24.9 28.1 0.99 0.18
T-2-21 17.6 21.2 25.0 28.1 1.00 0.00
T-2-22 17.6 21.2 25.0 28.1 1.00 0.00
T-2-23 17.6 21.2 25.1 28.2 0.99 0.21
T-2-24 17.6 21.2 25.0 28.1 1.00 0.00
T-2-25 17.6 21.2 25.1 28.1 1.00 0.05
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TableB.3 Calibration data and Coefficients for the equation (Anemometer )
Serial Number Output Temperature Coefficient (T=a*Toutput+b)
17.6 21.2 25.0 28.1 a b
A-26.3.001 17.7 21.5 25.2 28.2 1.00 -0.22
A-26.3.002 17.6 21.1 25.0 28.1 1.00 0.09
A-26.3.003 17.6 21.2 25.0 28.1 1.00 0.00
A-26.3.004 17.8 21.3 25.2 28.2 1.01 -0.27
A-26.3.005 17.7 21.3 25.1 28.2 1.00 -0.10
A-26.3.006 17.8 21.4 25.4 28.5 0.98 0.22
A-26.3.007 17.6 21.1 25.1 28.2 0.99 0.30
A-26.3.008 17.7 21.3 25.3 28.4 0.98 0.32
A-26.3.009 17.7 21.4 25.3 28.4 0.98 0.23
A-26.3.010 17.7 21.3 25.2 28.2 1.00 -0.05
A-26.3.011 17.6 21.2 25.2 28.3 0.98 0.42
A-26.3.013 17.6 21.1 25.0 28.1 1.00 0.09
A-26.3.014 17.7 21.3 25.2 28.2 1.00 -0.05
A-26.3.015 17.6 21.2 25.1 28.2 0.99 0.21
A-26.3.016 17.8 21.4 25.2 28.2 1.01 -0.37
A-26.3.017 17.6 21.2 25.0 28.1 1.00 0.00
A-26.3.018 17.7 21.5 25.2 28.2 1.00 -0.22
A-26.3.019 17.4 21 24.8 27.8 1.01 0.04
A-26.3.021 17.6 21.2 25 28.1 1.00 0.00
A-26.3.022 17.6 21.2 25.1 28.2 0.99 0.21
A-26.3.023 17.6 21.5 25.2 28.2 0.99 0.01
A-26.3.024 17.9 21.6 25.3 28.4 1.00 -0.39
A-26.3.025 17.6 21.4 25 28.1 1.01 -0.17
A-26.3.026 17.3 20.8 24.7 27.7 1.01 0.23
A-26.3.027 17.5 21 24.9 27.9 1.01 0.03
A-26.3.028 17.6 21.1 25.1 28.2 0.99 0.30
A-26.3.029 17.3 20.9 24.6 27.8 1.00 0.25
A-26.3.030 17.6 21.1 25.1 28.2 0.99 0.30
A-26.3.031 17.4 20.2 24.9 27.9 0.99 0.44
A-26.3.032 17.4 20.9 24.8 27.9 1.00 0.29
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Appendix C: Results of Performance Evaluation
C.1 Case R and Case 1
now,"
Exhaust Lamp
PC
- Person
Diffuser
116
-- A
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13, 5.16 0 0.81
Diffluserl 0.15 0.15 1.25 1.75 0
Difftiser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4, 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4' 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
Window
- Shelf
Temperature(C) Velocity(m/s)
0N
PD(%) PPD(%)
2 2
C02 Concentration(ppm)Agofare)
Ventilation Effectiveness
Results of Case R at Y=1 .825m
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Temperature(C) Velocity(m/s) N
Ventilation ffettivenes
Results of C R... at .2..
PD(%) PPD(%)
C02 Concentration(ppm) Age of air(sec)
2
Ventilation Effectiveness
Results of Case R at Y=2.635m
118
Temperature(C) Velocity(m/s)
* ~ NN
PD(%) PPD(%)
C02 Concentration(ppm) Age of air(sec)
33
00
Ventilation Effectiveness
Results of Case 1-1 at Y=1.825m
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Temperature
PD(%)
C02 Concentratio
Ventilation Effectv
NN
S 2
3
(C) Velocity(m/s)
NN
........
2 
-n2
3@
PPD(%)
N2 2
83
n(ppm) Age of air(sec)
N
eness
Results of Case 1-1 at Y=2.635m
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A. @
Temperature(C) Velocity(m/s)
2222
PD(%) PPD(%)
3 ~N \ N
CO2 Concentration(ppm) Age of air(sec)
Ventilation Effectiveness
Results of Case 1-2 at Y=1 .825m
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-N
2 2-
3
0C
Temperature(C) Aelofir(s)
N
PD(%) PD%
C02 Concentration (ppm)Agofarsc
Ventilation Effectiveness
Results of Case 1-2 at Y=2o635m
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C.2 Case 2-1
123
Window
Exhaust Lamp
4--2M,--- P
Shelf
Person
Diffuser
C
Objects
Item size (m) location (i) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13 5.16 0 0.811
Diffuserl 0.15 0.15 2.55 1.750
Exhuast 0.43 0.43 1 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 _ ._ 3.88 2.46 0 75
PC 1 0.4 0.4 0.4- 1.2 0.1 0.75 108.5
PC 2 0.4 0.4  0.4 3.88 3.15 0.75 173.4
Desk 1 15 0.75 0.75 0.6 0 ___ 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.141 2.55, 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceilinglamp4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item ight (m) amount
Person 1,2 1. 5(ml/s)
[Diffuser 1 0 400(ppm)
Temperature(C) Velocity(m/s)
PD(%)
C02 Concentratio
Ventilation Effecti
6N
1
3
PPD(%)
22
n(ppm) Age of air(sec)
3
ieness
Results of Case 2-1 at Y=1.825m
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Temperature(C)
PD(%)
C02 Concentratio
Ventilation Effectiv
PPD(%)
n(ppm) Age of air(sec)
2
N
~eness
Results of Case 2-1 at Y=2.635m
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C.3 Case 2-2
Lamp
Exhaust
Diffuser
Objects
Item size (i) location (m) heat
length width height x y z____
Room legh5.16 wdh3.65 hegt2.7 x0 ,y0 Z0 -
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Diffuser3 0.15 0.15 2.5 0.8 0
Diffuser4 0.15' 0.15 2.5 2.7 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02) _______________
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2,3,4 0 400(ppm)
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nd
PC
Shelf
Person
W ow
Temperature(C) Velocity(m/s)
PD(%)
C02 Concentratior
Ventilation Effecti
PPD(%)
22
(ppm) Age.. of.air.sec
22
(ppm) Age of air(sec)
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Results of Case 2-2 at Y=1 .825m
127
TemperaturE
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2j
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Results of Case 2-2 at Y=1.825m
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C.4 Case 3-1
Objects
Item size (m) location (m) heat
length width height z
Room 5.16 3.65 2700_
Window 3.35 1.13 5.16 0 0.81
Diffuser1 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.51 0.75 0.75 0.61 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Partitioni 0.08 1.75 1.8 2.07 0 0
Partition2 0.08 1.75 1.8 3.18 1.9 0
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp2 0.2 1.2 0.15 3.63' 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 1 0.2 0 15 3.63 2.31 2.55 68
Contaminant Source (CO2)
Item Heigt (i) amount
Person 1,2 1 5(ml/s)
Diffuse3.8 1.75 0 0(p
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Window Exhaust
Shelf Partition L amp
PC
Person
Diffuser
Temperature(C) Velocity(m/s)
PD(%)
C02 Concentratio
Ventilation Effecti
223
PPD(%)
2.4 X 2 2.4
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Temperature(C) Velocity(m/s)
PD(%)
C02 Concentratio
Ventilation Effecti
N
PPD(%)
2 -
n(ppm) Age of air(sec)
2.
veness
Results of Case 3-1 at Y=2.635m
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C.5 Case 3-2
132
Lamp
Priion
PC
Diffuser
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 01 0-
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.75 0
Diffuser2 0.151 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.51 0.75 0.75 0.6 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Partition1 0.08 2.31 1.8 2.07 0 0
Partition2 1.5 0.08 1.8 0.65 2.31 0
Partition3 0.08 2.31 1.8 3.18 1.34 0
Partition4 1.5 0.08 1.8 3.18 1.26 0
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.141 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (CO2)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
Temperature(C) Velocity(m/s)
PD(%)
C02 Concentratio
Ventilation Effecti
N J
2-
2
2-422
3
3 0
PPD(%)
n(ppm) Age of air(sec)
22
veness
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Temperature(C) Velocity(m/s)
PD(%)
C02 Concentration
Ventilation Effectiv
PPD(%)
N N
(ppm) Age of air(sec)
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Results of Case 3-2 at Y=2.635m
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C.6 Case 4-1
135
Window \
Exhaust L
Lamp
PC
Shelf
Person
Diffuser
Objects
Item size (m) location (m) heat
length width height x z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13 5.16 0 0.81
Diffuser1 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 3.88 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 3.88 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.751 173.4
Desk 1 1.5 0.75 0.75 3.26 0 0____
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.95 0.58 1.24 0 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63! 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
Temperature(
PD(%)
C02 Concentratio
Ventilation Effectiv
N
N N
2.2
3
C) Velocity(m/s)
N2 2
PPD(%)
22
N N
n(ppm) Age of air(sec)
2
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Nrature(C) Velocity(m/s)
PPD(%)
8d 8
2.X 2 24
3 3
o 0
ntration(ppm) Age of air(sec)
Effectiveness
Figure 5.2. Results of Case 4-1 (at the person)
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Tempe
P
C02 Conce
Ventilation
C.7 Case 4-2
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Window
Exhaust Ldl lp
Person
Diffuser
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 01 0 0-
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 2.46 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 3.15 0.75 108.5
PC 2 0.41 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.51 0.75 0.75 0.6 2.9 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.951 0.58 1.24 4.211 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
Shelf
PC
2 2
Temperature(C) Velocity(m/s)
PD(%) PPD(%)
C02 Concentration(ppm) Age of air(sec)
N
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C.8 Case 5-1
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.7 51 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 01
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.4 1.5 0.81 0 0 0
Shelf 2 0.4 1.5 0.81 4.76 2.15 0
Shelf 3 0.4 0.8 0.75 1.67 0.75 0
Shelf 4 0.4 0.8 0.75 3.26 2.1 0
Shelf 5 1.19 0.4 2 2.07 0 0
Shelf 6 1.19 0.4 2 2.07 3.25 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15' 3.631 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.311 2.551 68
Ceiling lamp 4 0.2 1.21 0. 15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 -0 400(ppm)
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C.9 Case 5-2
144
Diffuser
Objects I
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Table 3.1 0.75 0.75 1.05 1.45 0
Shelf 1 0.4 1.5 0.81 0 0 0
Shelf 2 0.4 1.5 0.81 4.76 2.15 0
Shelf 3 0.4 0.8 0.75 1.67 0.75 0
Shelf 4 0.4 0.8 0.75 3.26 2.1 0
Shelf 5 1.19 0.4 2 2.07 0 0
Shelf6 1.19 0.4 2 2.07 3.25 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
Temperature(C)
PD(%) PPD(%)
C02 Concentration(ppm) Age of air(sec)
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Velocity(m/s)
C.10 Case 6-1
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13 5.16 0 0.81
Diffuseri 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 0.43 0.43 4.28 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 0.75
Desk 2 1.5 0.75 0.75 3.26 2.9 0.75
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
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C.11 Case 6-2
ExhaustWindow ExhaustWidw
Shelf
Person
Diffuser
150
Lamp
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0-
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Exhuast 1 0.3 0.3 0.45 1.675 2.7
Exhuast 2 0.3 0.3 4.28 1.675 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 0.75
Desk 2 1.5 0.75 0.75 3.26 2.9 0.75
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm)
Temperature(C) Velocity(m/s)
2 2 2 2O8
0
PD(%) PPD(%)
22 2
C02 Concentration(ppm) Age of air(sec)
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Temperature(C)
NN
22
PD(%) PPD(%)
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Velocity(m/s)
C.12 Case 7-1
Exhaust
Lamp
ShelfP
Person
Diffuser
Objects
Item size (m) location (m) heat
length width height x y z
Room 5.16 3.65 2.7 0 0 0-
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 2 1.75 0
Diffuser2 0.15 0.15 3 1.75 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 _ t 1.5 0.75 0.75 0.6 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
S0.95 0.58 1.24 4.21 0 0 _
Ceiling lamp 1 0.2 1.2 0.15 ~ 1.05 0.14 2.55 68
Ceiling lamp 2 _ 0.2 - 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 255 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02) _____ ______ ____
Item - -7Height (in) amount r
Person 1,2 1.13 5(m./s)1
Diffuser 12 0 400(ppm)
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Exhaust Lamp
PC
Shelf
Person
Diffuser
Objects
Item size (m) location (m) heat
length 5 width height x 0 y z
Room 5.16 3.65 2.7 0 0 0 -
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1 2.5 0
Diffuser2 0.15 0.15 4 1 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 0.75 108.5
PC 2 0.4 0.4 0.4 3.88 3.15 0.75 173.4
Desk 1 1.5 0.75 0.75 0.6 0 0
Desk 2 1.5 0.75 0.75 3.26 2.9 0
Shelf 1 0.95 0.58 1.24 4.21 0 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.55 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2 1.1 5(ml/s)
Diffuser 1,2 0 400(ppm) I
Temperature(C) Velocity(m/s)
PD(%) PPD(%)
2
2 .4)C 2 2.
3 3
e,0
2
C02 Concentration (ppm) Age of air(sec)
2
2 2.4
3
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Velocity(m/s)
C.14 Case 11
Objectslocation () heatItem size (m) lcto m
length width height x yz
Room 5.16 3.65 2.7 000
Window 3.35 1.13 5.16 0 0.81
Diffuserl 0.15 0.15 1.25 1.75 0
Diffuser2 0.15 0.15 3.83 1.75 0
Diffuser3 0.15 0.15 2.5 0.8 0
Diffuser4 0.15 0.15 2.5 2.7 0
Exhuast 0.43 0.43 2.365 1.61 2.7
Person 1 0.4 0.35 1.1 1.2 0.85 0 75
Person 2 0.4 0.35 1.1 1.2 2.46 0 75
Person 3 0.4 0.35 1.1 3.88 0.85 0 75
Person 4 0.4 0.35 1.1 3.88 2.46 0 75
PC 1 0.4 0.4 0.4 1.2 0.1 173.4
PC 2 0.4 0.4 0.4 1.2 3.15 0.751 173.4
PC 3 0.4 0.4 0.4 3.88 0.1 0.75 173.4
PC 4 0.4 0.4 0.4 3.88 3.15 0.75 173.4
PC 5 0.4 0.4 0.4 0.1 1.35 - 0.75 173.4
Printer 0.4 0.4 0.2 0.1 1.9 0.75 205
Desk 1 1.5 0.75 0.75 0.6 0 0
Desk 2 0.75 0.75 0.6 2.9 0
Desk 3 1.5 0.75 0.75 3.26 0 0
Desk 4 1.5 0.75 0.75 3.26 2.9 0
Desk 5 1.3 0.75 0 1.2 0
Ceiling lamp 1 0.2 1.2 0.15 1.05 0.14 2.55 68
Ceiling lamp 2 0.2 1.2 0.15 3.63 0.14 2.55 68
Ceiling lamp 3 0.2 1.2 0.15 1.05 2.31 2.55 68
Ceiling lamp 4 0.2 1.2 0.15 3.63 2.31 2.551 68
Contaminant Source (C02)
Item Height (m) amount
Person 1,2,3,4 1.1 5(ml/s)
Diffuser 1,2,3,4 0 400(ppm)
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Temperature(C)
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Velocity(m/s)
C.15 Case 12
=mumm
Diffuser
Lamp
PC
PC
Printer
Person
Objects
Item size (m)
length
Room
Window
Diffuseri
Diffuser2
width
5.16
0.15
0.15
Diffuser3 0.15
Diffuser4 0.15
Exhuast 0.43
Person1 0.4
Person 2 0.4
Person 3 0.4
Person 4 0.4
PC i1 0.4
PC 2 0.4
PC 3 0.4
PC 5 0.4
PC 6 0.4
location (m)
height x y
3.65 2.7 0 0
3.35 1.13 5.16 0
0.15
0.15
0.15
0.15
0.43
0.35
0.35
0.35
0.35
0.4
0.4
0.4
0.4
0.4
0.4
Printer 1 0.4 0.4
Printer 2 0.4 0.4
Desk 1 1.5 0.75
Desk 2 1.5 0.75
Desk 3 1.5 0.75
Desk 4 1.5 0.75
Desk 5 0.6 2.35
Ceiling lamp 1 0.2 1.2
Ceiling lamp 2 0.2 1.2
Ceiling lamp 3 0.2 1.2
Ceiling lamp 4 0.2 1.2
Contaminant Source (C02)
Item Height (i) amount
Person 1,2,3,4 1.1 5(ml/s)
Diffuser 1,2,3,4 0 400(ppm)
1.25 1.75
3.83 1.75
2.5 0.8
2.5
2.365
1.11 1.2
1.1 1.2
1.1 3.88
1.1 3.88
0.4
0.4
0.4
1.2
1.2
3.88
0.4 3.88
::0 .4 0.1
0.4 0.1
0.2 0.1
0.2 0.1
0.751 0.6
0.75 0.6
0.75 3.26
0.75 3.26
0.75 0
0.15 1.05
0.15 3.63
0.15 1.05
0.15 3.63
2.7
1.61
0.85
2.46
0.85
2.46
0.1
3.15
0.1
3.15
1.35
1.9
0.8
2.5
2.9
0
0
0
0
0
2.7
0
0
0
0
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0
0
heat
75
75
75
75
173.4
173.4
173.4
173.4
173.4
173.4
205
205
2.9 0
0.65 0
0.14 2.55 68
0.14 2.55 68
2.31 2.568
2.31 2.55 68
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